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Abstract 
 
 
 
The National Grid of Sudan (NG) was developing and facing significant and numerous changes 
in its topology and generation levels over the years. Reinforcements such as the 110KV 
Khartoum ring, additional transformers, uprating of old equipment and new power stations 
contribute to the increase in fault levels at all system busbars. As most of the switchgear and 
busbar ratings pertain to the early fault level calculations, it becomes necessary to undertake 
new fault levels analysis. This is helpful in ascertaining safe operation of the system and 
determining upgrading or changes in topology where required. 
 
In this study, a fault analysis programme was developed which enables study of all type of faults 
on the system busbars, with the aid of the programme, a complete fault level assessment of the 
NG was undertaken on the 220, 110, 33 and 11KV levels. 
 
The fault levels were found to exceed switchgear ratings in some cases and recommendations 
for limiting the fault currents are proposed. 
 
It is also noteworthy to mention that in the past, fault calculations were undertaken by Foreign 
Consultants while this programme enable NEC to carry out fault investigations whenever and 
wherever required. 
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  ﻤﻠﺨﺹ ﺍﻟﺒﺤﺙ
  
  
ﻣﻨﻈﻮﻣﺔ ﺍﻟﻜﻬﺮﺑﺎﺀ ﰱ ﺍﻟﺴﻮﺩﺍﻥ ﻭ ﻧﻌﲎ ﺎ ﺍﻟﺸﺒﻜﻪ ﺍﻟﻘﻮﻣﻴﻪ ﻣﻦ ﳏﻄﺎﺕ ﺗﻮﻟﻴﺪ ﺍﻟﻜﻬﺮﺑﺎﺀ ﻭ ﺧﻄﻮﻁ ﻧﻘﻞ ﻭ ﳏﻄﺎﺕ ﲢﻮﻳﻞ ﺍﳉﻬﺪ ﻭ ﺗﻮﺯﻳﻊ 
ﻳﺎﺩﻩ ﰱ ﺇﻧﺘﺎﺝ ﺍﻟﻜﻬﺮﺑﺎﺀ ﻭ ﻣﻮﺍﻋﲔ  ﺯ ﺍﻟﻜﻬﺮﺑﺎﺀ ﻭﺍﻟﺘﻮﺳﻊ  ﰱ ﺑﻨﻴﺎﺕ ﺍﻟﻜﻬﺮﺑﺎﺀ ﺍﻻﺳﺎﺳﻴﻪ ﻣﻦﻳﺎﺩﻩ ﻣﻄﺮﺩﻩ ﰱ ﻃﻠﺐ ﺯﺗﻮﺍﺟﻪ ﺍﻟﻴﻮﻡ، ﺍﻟﻜﻬﺮﺑﺎﺀ
ﻭﺫﻳﺎﺩﺓ ﺳﻌﺔ ﳏﻮﻻﺕ ﺍﻟﻄﺎﻗﻪ ﻭﳏﻄﺎﺕ ﺗﻮﻟﻴﺪ ،ﻑ ﺣﻮﻝ ﺍﻟﻌﺎﺻﻤﻪ ﺍﻟﻘﻮﻣﻴﻪ ﺳﺎﺑﻘﺎﹶ.ﻙ011ﻭﻛﻤﺜﺎﻝ ﻟﺬﻟﻚ ﺣﻠﻘﺔ ﺟﻬﺪ ﺍﻝ.ﺍﻟﻨﻘﻞ ﻭ ﺍﻟﺘﺤﻮﻳﻞ
 ﻳﺘﻢ ﺗﺼﻤﻴﻢ ﺃﺟﻬﺰﺓ ﻭ ﻣﻌﺪﺍﺕ ﺍﻟﻀﻐﻂ ﺍﻟﻌﺎﱃ ﺑﺎﻟﻜﻴﻔﻴﻪ ﺍﻟﱴ ﺍﻟﻜﻬﺮﺑﺎﺀ ﺣﺎﻟﻴﺎﹰ ﻭﻫﺬﺍ ﺍﻟﺘﻐﲑﻳﺘﻄﻠﺐ ﻣﻌﺮﻓﻪ ﻣﺴﺒﻘﻪ ﺑﺘﻴﺎﺭﺍﺕ ﺍﻻﻋﻄﺎﻝ ﺣﱴ
  .ﲤﻜﻨﻬﺎ ﻣﺴﺘﻘﺒﻼ ﻣﻦ ﲢﻤﻞ ﺗﻴﺎﺭ ﺍﻻﻋﻄﺎﻝ ﻣﻦ ﻧﺎﺣﻴﻪ ﻭﻣﻦ ﺍﻟﻨﺎﺣﻴﻪ ﺍﻻﺧﺮﻯ ﲢﻘﻴﻖ ﻓﺮﺹ ﺃﻭﺳﻊ ﰱ ﺗﺸﻐﻴﻞ ﺍﻟﺸﺒﻜﻪ ﺑﺎﻟﻄﺮﻳﻘﻪ ﺍﳌﺜﻠﻰ
  
ﰱ ﻗﻀﺒﺎﻥ ﺍﻟﺘﺠﻤﻴﻊ ﻟﻜﻞ ﰱ ﻫﺬﻩ ﺍﻟﺪﺭﺍﺳﻪ ﰎ ﺗﻄﻮﻳﺮﺑﺮﻧﺎﻣﺞ ﺣﺎﺳﻮﺏ ﳝﻜﻦ ﺑﻮﺍﺳﻄﺘﻪ ﺣﺴﺎﺏ ﻭ ﻣﻌﺮﻓﺔ ﻗﻴﻢ ﻛﻞ ﺃﻧﻮﺍﻉ ﺗﻴﺎﺭﺍﺕ ﺍﻻﻋﻄﺎﻝ 
  .ﻣﺴﺘﻮﻳﺎﺕ ﺍﳉﻬﺪ
  
ﻣﻦ ﺧﻼﻝ ﻫﺬﻩ ﺍﻟﺪﺭﺍﺳﻪ ﻭﺟﺪ ﺃﻥ ﺗﻴﺎﺭ ﺍﻟﻌﻄﻞ ﻳﺘﺠﺎﻭﺯ ﺍﻟﺴﻌﻪ ﺍﻟﺘﻴﺎﺭﻳﻪ ﳌﻔﺎﺗﻴﺢ ﺍﻟﻀﻐﻂ ﺍﻟﻌﺎﱃ ﰱ ﺑﻌﺾ ﺍﻟﻘﻀﺒﺎﻥ ﺃﻻﻣﺮ ﺍﻟﺬﻯ ﻳﺘﺮﺗﺐ ﻋﻠﻴﻪ 
  .ﺎﻝﻭﻋﻠﻴﻪ ﻭﻣﻦ ﺧﻼﻝ ﻫﺬﻩ ﺍﻟﺪﺭﺍﺳﻪ ﲤﺖ ﻛﺘﺎﺑﺔ ﺗﻮﺻﻴﺎﺕ ﻟﺘﻘﻠﻴﻞ ﺗﻴﺎﺭﺍﺕ ﺍﻻﻋﻄ، ﺣﺪﻭﺙ ﻛﻮﺍﺭﺙ ﻧﺘﻴﺠﺔ ﺇﻧﻔﺠﺎﺭﻫﺬﻩ ﺍﳌﻔﺎﺗﻴﺢ
  
ﳑﺎ ﳚﺪﺭ ﺫﻛﺮﻩ ﺃﻥ ﻧﺬﻛﺮ ﻫﻨﺎ ﺃﻥ ﺣﺴﺎﺏ ﺗﻴﺎﺭﺍﺕ ﺍﻷﻋﻄﺎﻝ ﰱ ﺍﳌﺎﺿﻰ ﻛﺎﻧﺖ ﲢﺴﺐ ﺑﻮﺍﺳﻄﺔ ﺷﺮﻛﺎﺕ ﺇﺳﺘﺸﺎﺭﻳﻪ ﺃﺟﻨﺒﻴﻪ ﺑﺎﻟﻌﻤﻠﻪ ﺍﻟﺼﻌﺒﻪ 
ﻭﺍﻟﻴﻮﻡ ﳝﻜﻦ ﺇﺟﺮﺍﺀ ﺣﺴﺎﺑﺎﺕ ﺗﻴﺎﺭ ﺍﻷﻋﻄﺎﻝ ﺬﺍ ﺍﻟﱪﻧﺎﻣﺞ ﰱ ﺃﻯ ﺫﻣﺎﻥ ﻭﻣﻜﺎﻥ ﻭﳝﻜﻦ ﺃﻳﻀﺎﹰ ﺑﻮﺍﺳﻄﺘﺔ ﺩﺭﺍﺳﺔ ﻭﻣﻨﺎﻗﺸﺔ ﻇﻮﺍﻫﺮ ﻣﺎ ﺑﻌﺪ 
  . ﺣﺪﻭﺙ ﺍﻷﻋﻄﺎﻝ
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List of symbols and abbreviations 
 
  
The following list comprises those symbols which are used fairly frequently throughout 
the text. 
 
KV         kilo volt 
KA         kilo ampere 
3ø         three phase 
1-ø        single phase 
V           volt 
I            Ampere 
Z           Impedance 
X           reactance 
J           imaginary part 
E          Induced Electromotive force 
mmf      magnet motive force 
Y          Admittance 
Ω          Ohm 
MVA     Mega volt ampere 
NG       National Grid 
NEC     National Electricity Corporation 
  7
MW      Mega watt  
a         operator 1 
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Chapter 1 
 
Fault Analysis 
 
 
1.1 Introduction 
 
Normally, a power system operates under balanced conditions. Efforts are made to ensure this 
desirable state of affairs. Unfortunately, under abnormal (i.e., fault) conditions, the system may 
become unbalanced. 
 
  Line faults are the most common because lines are exposed to the elements of fault. Usually, 
faults are triggered by lightning strokes, which may cause the insulator to flash over. Wind 
loading may cause insulators strings to fail mechanically. In addition, there are faults on 
generators and other equipment. 
 
 
 
The most common type of fault by far is the single line-to-ground fault, followed in frequency of 
occurrence by line-to-line faults, double line-to-ground faults, and balanced three-phase (3ø). 
 
Much less common are faults on cables, circuit-breakers, generators, motors, and transformers. A 
generator or transformer may fail if thermal ratings have been exceeded for long periods of time; 
the insulation may then have deteriorated sufficiently so that mechanical vibration and expansion 
and contraction due to thermal cycling may bring about a total failure of the insulation at some 
point.  
 
1.2 Why Fault Analysis Is Necessary 
  
  It is important to study the system under fault conditions, in order to provide for system 
protection. We need to confirm that the ratings of the circuit-breakers and the settings of 
protection equipment that trip them are correct. The determination of currents and voltages in 
different parts of the network under faulted conditions will lead to calculation of faulted MVA, 
which is used to select appropriate circuit breaker ratings. In addition, in the design phase, the 
transformer connections and the grounding schemes are specified with concern for the same 
abnormal conditions. Design calculations of transformer impedance voltage, generator stator 
winding positive, negative and zero sequence impedances, current limiting reactors, earthing 
resistors impedance.    
 
    We are going to consider the steady –state analysis of unbalanced systems use the method of 
symmetrical components due to Fortesque*. As will be seen, it is not only simplifies the problem 
numerically, but improves our understanding of system behaviour during fault conditions, we 
will therefore describe symmetrical components and illustrate their use in fault analysis.  
 
 
 
 
Fortesque*: Michel Fortesque French scientist 
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1.3 Objective of This Study 
 
This project seeks to conduct a comprehensive fault level calculation by the aid of a computer 
program in all busbars of the National Grid at the 220, 110 and 33 KV levels. Some main 
Substation 11KV levels are also included. 
 
All types of faults are investigated using locally developed Fault Analysis Software. 
 
Reduction of high fault levels is also an objective implementing, for example, neutral resistance 
in transformer star points. Impact of certain interconnections and closure of bus sections on the 
Fault level is also investigated.   
 
 
1.4 Description of Other Chapters 
 
The method of symmetrical components is covered in chapter 2. The symmetrical component 
transformation is outlined and the methods for evaluating the sequence impedance of lines, 
transformers and generators are described. In chapter 3, methods for fault analysis are formulated 
so that they can be used to solve the large networks using computer programs. The formulation 
includes building algorithms for the bus impedance matrix of the sequence networks. Complete 
description of the network, including the system Generator sub-transient parameters, transmission 
line models for short-circuit calculations, beside previous fault analysis studies, fault levels and 
description of protection systems used in the National Grid, are all included in chapter 4. In 
chapter 5 we find a description of the fault program, and proceed in chapter 6 to obtain the study 
results, including the maximum fault levels at different busbars. Then we end up with chapter 7 
for evaluation of the results, and recommendations for reduction of the fault levels. 
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Chapter 2 
 
Symmetrical Components 
 
2.1 Introduction 
 
The symmetrical components method was developed by C.L. Fortescue (1918) to study 
unbalanced polyphase voltages or currents. It has tremendously facilitated the analysis of 
unbalanced three phase circuits in power systems. Unbalanced analysis is required when 
abnormal conditions arise in power systems such as due to faults. To analyze a typical 
unbalanced condition the system parameters are transferred to symmetrical components. Analysis 
is carried out and the results are then inverse transformed to three phase quantities. 
 
Let a set of three unbalanced three phase voltages be given by 
 
  Va, Vb and Vc 
 
Let us think of each phase voltage as having three components, such that each voltage is the sum 
of its components 
 
  Va  = Va0  +  Va1  +  Va2 
  Vb  = Vb0  +  Vb1  +  Vb2 
  Vc  = Vc0  +  Vc1  +  Vc2 
 
Note that each phase voltage has two components; a magnitude and an angle. In all there are six 
independent phase variables. Therefore the magnitudes and angles of the components which sum 
up to 18 cannot be totally independent. To solve this problem we can make the set Va1, Vb1 and 
Vc1 form a balanced three phase set with phase sequence abc (positive sequence). This will 
require only two independent variables. Likewise we make the set Va2, Vb2 and Vc2  form another 
balanced three phase set with sequence acb (i.e negative sequence). For the remaining set Va0, 
Vb0 and Vc0   we set them all equal in phase and magnitude. In this way an unbalance voltage set 
could be constructed from a balanced positive sequence three phase set, a balanced negative 
sequence three phase set and a set of three voltage equal in phase and magnitude (zero sequence 
set). This is shown graphically below. 
 
 
 
 
 
 
 
 
 
 
 
= + +
Va  
Vc  
Vb  
Va1 
Va2 Va0  
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2.2 The  a  operator 
 
You will recall that the j operator is equal to  1∠90° . Likewise we define a new complex 
operator called  a with the value 1∠120°. This operator will have the effect, when multiplied by a 
complex number, of advancing its angle by 120 degrees without affecting the magnitude. For 
example if  A=10∠60°  then  aA= 10∠180° . 
 
Note that  
 
 a = 1∠120°. 
    = 1∠-240°. 
 
 a2 = a.a 
     = 1∠240°. 
     = 1∠-120°. 
 
 a3 = 1∠360°. 
      = 1∠0°. 
 
We can now write the positive sequence three phase voltage set as follows 
 
   Va1, a2Va1 and aVa1 
 
and the negative sequence three phase set as  
 
   Va2, aVa2 and a2Va2 
 
the zero sequence set of course consists of equal voltages 
 
   Va0, Va0 and Va0 
 
We can now write our unbalance voltage set in terms of symmetrical components as 
 
  Va  = Va0  +    Va1   +   Va2 
  Vb  = Va0  +  a2Va1  +  aVa2 
  Vc  = Va0  +   aVa1  +  a2Va2 
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In matrix form we may write this as 
 
  
V  
V  
V  
1 1 1
1 a a
1 a a
V  
V
V
a
b
c
2
2
a0
a1
a2
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
=
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
•
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
 
 
 
 
The matrix 
  
1 1 1
1 a a
1 a a
2
2
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
    or,  simply   [ ]T  
 
 Is known as the symmetrical components transformation. The  ‘a’  in Va1 ,Va2 and Va0  is usually 
dropped for  simplicity 
 
   
V  
V  
V  
1 1 1
1 a a
1 a a
V  
V
V
a
b
c
2
2
0
1
2
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
=
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
•
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
 
 
It can easily be shown that the inverse transform, [ ]T −1 is given by 
 
 
   
V  
V  
V  
1 1 1
1 a a
1 a a
V  
V
V
0
1
2
2
2
a
b
c
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
=
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
•
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
1
3
 
 
Hence 
   [ ] [ ] [ ]V T Vabc = ⋅ 012  
and 
   [ ] [ ] [ ]V T Vabc012 1= ⋅−  
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2.3 The effect on impedance 
 
 Suppose for a normal three phase system that the phase voltages are related to the phase 
currents by 
 
   [ ] [ ] [ ]V Z Iabc abc abc= ⋅  
 
where [ ]Zabc  is a 3x3 matrix giving the self and mutual impedance between phases. Writing  
[ ]Vabc  and  [ ]Iabc  in terms of their symmetrical components the equation becomes 
 
   [ ][ ] [ ] [ ][ ]T V Z T Iabc012 012= ⋅  
or 
   [ ] [ ] [ ] [ ][ ]0121012 ITZTV abc ⋅= −  
 
Now we define 
   [ ] [ ] [ ] [ ]Z T Z Tabc012 1= ⋅−  
 
So that   [ ] [ ][ ]V Z I012 012 012=  
 
 
2.3 Representation of simple Transmission Lines 
 
Let us evaluate [ ]Z012  for the simplified transmission line shown below 
 
 
 
 
 
 
 
 
 
 
 
The equations relating voltages and currents are written as follows 
 
  Va - V’a = j Xs Ia + jXm Ib + jXm Ic 
 
  Vb - V’b = j Xm Ia + jXs Ib + jXm Ic 
 
  Vc - V’c = j Xm Ia + jXm Ib + jXs Ic 
Xm 
Xm 
Xm  
Xs 
Xs 
Xs 
Va  
Vb  
Vc  V’c 
V’b 
V’a  
Ia  
Ib  
Ic  
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Or, in matrix form 
 
  
V
V
V
V
V
V
j
X X X
X X X
X X X
I
I
I
a
b
c
a
b
c
s m m
m s m
m m s
a
b
c
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
−
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
=
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
⋅
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
'
'
'
 
 
We find [ ]Z012  as  
 
  1
3
1 1 1
1
1
1 1 1
1
1
2
2
2
2
a a
a a
j
X X X
X X X
X X X
a a
a a
s m m
m s m
m m s
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
⋅
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
⋅
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
 
 
 
This evaluates to 
 
   j
X X
X X
X X
s m
s m
s m
+
−
−
⎡
⎣
⎢⎢⎢
⎤
⎦
⎥⎥⎥
2 0 0
0 0
0 0
    
Hence 
 
 Z0 = Xs + 2Xm  Z1 = Xs - Xm  Z2 = Xs - Xm 
 
2.4 Representation of Generators 
 
 The figure below depicts an unloaded synchronous machine (generator or motor) 
grounded through a reactor (Impedance Zn). Ea, Eb and Ec are the induced emfs of the three 
phases. When a fault (not shown in the figure) takes place at the machine terminals, currents Ia, Ib 
and Ic flow in the lines. Whenever the fault involves ground,  
 
Current  In = Ia +  Ib + Ic   
 
Flows to neutral from ground via Zn. Unbalanced line currents can be resolved into their 
symmetrical components Ia1, Ia2 and Ia0. 
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Because of winding symmetry currents of a particular sequence produce voltage drops of that 
sequence only. Therefore, there is no coupling between the equivalent circuits of various 
sequences. Also because of symmetry the machine will induce emfs of positive sequence only, i.e 
no negative or zero sequence voltages are induced in it. When balanced the machine carries 
positive sequence currents only. The armature reaction field caused by the positive sequence 
currents rotates at synchronous speed in the same direction as the rotor, i.e., it is stationary with 
respect to field excitation. The machine equivalently offers a direct axis reactance whose value 
reduces from subtransient reactance (X”d) to transient reactance (X’d) and finally to steady state 
(synchronous) reactance (Xd), as the short circuit transient progresses in time. If armature 
resistance is assumed negligible, the positive sequence impedance of the machine is 
 
 Z1 =  j X”d   if 1 cycle transient is of interest 
 
     =  j X’d   if  3 - 4  cycle transient is of interest 
 
     =  j Xd   if  steady state value is of interest 
 
The machine positive sequence e.m.f. is usually taken as 1∠0° assuming unloaded conditions. If 
loaded conditions are accounted for, the e.m.f is found as the voltage behind subtransient or 
transient reactance.  
 
 A synchronous machine does not generate negative sequence currents. However the flow 
of negative sequence currents in the stator creates a rotating m.m.f  field which rotates in the 
opposite direction to that of the positive sequence field and, therefore at double synchronous 
speed with respect to the rotor. Currents at double the stator frequency are therefore induced in 
the rotor field and damper windings. In sweeping over the rotor surface, the negative sequence 
m.m.f is alternately presented with reluctances of direct and quadrature axes. The negative 
sequence impedance presented by the machine with consideration given to the damper windings 
is often defined as 
 
Ea 
Eb Ec 
Ia 
Ib 
Ic 
Zn In 
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  Z j
X Xq d
2 2
= ′′ + ′′  
 
 If zero sequence currents are allowed to flow through stator windings (through the 
presence of neutral grounding) they will create three m.m.fs which are in time phase but are 
distributed in space phase by 120°. The resultant air gap field caused by the zero sequence 
currents is therefore zero. Hence, the rotor windings present leakage reactance only to the flow of 
zero sequence currents. This makes the value of  Z0  typically very small for synchronous 
machines. To limit large zero sequence currents which may arise from a fault close to the 
generator terminals the grounding reactor Zn is necessary. The current flowing through the 
reactor in this case is the sum of zero sequence current in the three phases. Hence  In = 3 Ia0 . The 
drop though Zn  is thus  3 Ia0 Zn.  To represent this in the zero sequence network which is 
modelled on a per phase basis the grounding reactance is multiplied by three. Hence the total 
machine impedance for zero sequence currents is  
  
           Z0 + 3 Zn  
 
3.5 Representation of Transformers 
 
 The positive sequence series impedance of a transformer equals its leakage impedance. 
Since a transformer is a static device, the leakage impedance does not change with the alteration 
of phase sequences of balance applied voltages. The transformer negative sequence impedance is 
also therefore equal to its leakage impedance. Thus, for a transformer 
 
  Z1 = Z2 = Zleakage 
 
 Assuming that the transformer is connected so that zero sequence currents can flow on 
both sides, the zero sequence leakage impedance is only slightly different from the positive and 
negative sequence values. It is, however, normal practice to assume that the series impedance of 
all sequences are equal. 
  
            It is of course a fundamental principle that, neglecting magnetizing current, a transformer 
primary would carry current only if there is current flow on the secondary side. Also, zero 
sequence currents can only flow in a star connection if the star point is grounded. Zero sequence 
currents can, however, circulate in the legs of a delta. Bearing this in mind we model a 
transformer as follows for zero sequence networks according to the type of winding connection. 
 
 
 
 
1. Star - Star  (both grounded) 
 
 
  
 
 
 Ref 
Z0 
Connection Equivalent Zero Sequence Circuit 
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2. Star - Star  (One side grounded) 
 
 
  
 
 
 
 
3. Star - Delta  (Star grounded) 
 
 
 
  
 
 
 
 
 
4. Star - Delta  (Star ungrounded) 
 
 
 
  
 
 
 
5.   Delta - Delta 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Ref 
Ref 
Ref 
Ref 
Z0 
Z0 
Z0 
Z0 
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Chapter 3 
 
 
 
Fault Analysis by Computer Methods 
 
 
Fault analysis involves computing fault levels and current distributions for large power system 
networks. The problem has to be formulated in such a way that makes it suitable for computer 
implementation. The first step towards implementation is developing an algorithm to compute the 
sequence matrix  [Z012]  for the system. Since the system is large in the sense that it is multiport, 
or it has  n  busbars each sequence impedance is actually an impedance matrix rather than a 
single impedance. We thus have to find three impedance matrices  [Z0] , [Z1] and [Z2]. We will 
maintain the assumption that the three impedance matrices are disjoint  i.e their is no mutual 
coupling between the sequence values. 
 
3.1    Building The Nodal (BUS) Impedance Matrix  
 
 The method of determining [Z] by the matrix inversion of [Y] is not practical for a large 
power system because it is time consuming. Each modification of the original network by adding 
or deleting a branch would involve a complete inversion process. An alternative approach is to 
build up the network step-by-step, adding one element at a time and modifying the entries 
corresponding to this new element in [Z]. This process, known as [Z] bus building algorithm, 
takes much less computer time compared to matrix inversion, and can easily be implemented for 
network modifications. 
 
Let us start with a partial network which already contains n nodes besides the reference node as 
shown below; 
 
 
 
 
 
 
 
 
 
 
 
The voltages and currents at the nodes are related by: 
 
 [V] = [Z] • [I] 
 (nx1)    (nxn)     (nx1) 
 
Such that  
 
  Vi = zi1 I1 + zi2 I2 + ..... + zik Ik + .... + zin In 
 
1 
2 
i 
ref 
 
n-port 
linear 
network 
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We will define three types of buses (nodes): (i) A new bus (ii) An old bus  and   
(iii) The reference bus. 
 
Depending on how the new element Zl  is connected between any two buses we investigate four 
types of modifications: 
 
 1. Add Zl  from a new bus to reference 
 
 2. Add Zl  from an new bus to an old bus 
 
 3. Add Zl  from an old bus to reference 
 
 4. Connect Zl  between two old buses 
  
Type 1: Adding Zl  from a new bus to reference 
 
                                                                      
k is the new bus 
 
Vk = Zl Ik 
 
 
 
 
 
  
The modification to [Z]old is to add a new row and column (k) 
where 
 
 Zk1 =  Zk2 = ......... = Zkn = 0 
 Zkk = Zl 
 
        0 
        0 
  [Z]new =      .. 
        0 
        0 
    0     0   ...   0     0  Zl 
 
 
 
 
 
 
 
 
 
[Z]old 
1 
j 
Zl 
 
n-port 
linear 
network 
i 
k 
ref 
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Type 2: Adding Zl  from a new bus to an old bus 
 
                                                                    
k is the new bus 
 
Vk = Zl Ik + Vj 
 
 
 
 
 
 
Vk = Zl Ik + Zj1 I1 + ........ + Zji Ii + ....... + Zjj(Ij +Ik)+ ....... + Zjn In 
 
Rearranging 
 
Vk =  Zj1 I1 + ........ + Zji Ii + ....... + Zjj Ij +....... + Zjn In  + (Zjj + Zl) Ik 
 
This will modify the [Z] matrix as follows 
 
 
           Z1j 
           Z2j 
  [Z]new =          ... 
           Zjj 
                .. 
           Znj 
   
    Zj1   Zj2 ... Zjj  .. Zjn   Zjj +Zl  
 
 
 
 
Type 2: Adding a branch Zl  from an old bus to reference 
 
                                                                      
 
 
 
 
 
 
 
 
 
This type of modification is similar to performing first a type 2 modification (connecting the new 
element Zl between branch j and new bus k) and then connecting the new bus to reference, ie 
setting Vk = 0 
 
[Z]old 
1 
1 
j 
j 
Zl 
Zl 
 
n-port 
linear 
network 
 
n-port 
linear 
network 
i 
i 
k 
ref 
ref 
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  V1          Z1j             I1 
  V2          Z2j             I2 
   ...           ..            ... 
  Vj              =         Zjj                        Ij 
   ...              ..            ... 
  Vn          Znj             In 
   
   0  Zj1   Zj2 ... Zjj  .. Zjn    Zjj +Zl                      Ik 
 
 
 
 
 
We eliminate Ik to produce 
 
     1    Z1j 
 [Z]new = [Z]old -     ...       [Zj1  ... Zjn] 
             Zjj +Zl     Znj 
 
 
 
Type 4: Adding a branch Zl  from a old bus i  to and old bus j 
 
                                                                      
 
 
Let current through 
Zl  be Ik 
 
 
 
 
 
The equation for V1 will be modified as follows 
 
 V1 = Z11 I1 + Z12 I2 +........ + Z1i (Ii + Ik) + ....... + Z1j (Ij - Ik) + ....... + Z1n In 
 
 V1= Z11 I1 + Z12 I2 +........ + Z1i Ii + ....... + Z1jIj + ....... + Z1n In + (Z1i - Z1j) Ik 
 
 Similar equations may be written for V2 through Vn. Furthermore, 
 
 Vj = Vi + Zl Ik 
 
 Zj1 I1 + Zj2 I2 +........ + Zji (Ii + Ik) + ....... + Zjj(Ij - Ik)+ ....... + Zjn In 
 = Zi1 I1 + Zi2 I2 +........ + Zii (Ii + Ik) + ....... + Zij(Ij - Ik)+ ....... + Zin In + Zl Ik 
 
 
[Z]old 
1 
IkZl 
 
n-port 
linear 
network 
i 
ref 
j 
  26
 0 = (Zi1 -Zj1) I1 + ......... + (Zii -Zji) Ii + ...... + (Zij -Zjj) Ij + ........+ 
       (Zii +Zjj - Zij - Zji + Zl ) Ik 
 
 In matrix form we can write this as 
 
 
    V1           Z1i-Z1j     I1 
      ...               .....     ... 
     Vj     =           Zji-Zjj     Ij 
       ...                    .....     ... 
     Vn            Zni-Znj     In 
   
      0      Zi1-Zj1 ....... Zin-Zjn      Zii+Zjj-Zij                Ik 
             -Zji +Zl 
 
 
The last row and column (k) will be eliminated in the same manner as for the previous 
modification, and the resulting [Z] bus will be 
 
 
     1           Z1i-Z1j 
 [Z]new =   [Z]old    -                   ...             [Zi1-Zj1 ... Zin-Zjn] 
                 Zii+Zjj-Zij -Zji +Z     Zni-Znj 
  
 
Example 
 
 Build the [Z] Bus Matrix for the following resistive network 
 
 
 
 
 
 
 
 
 
 
 
 
Solution 
 
 (i) Type 1 modification; add  3 Ω  from new bus to reference 
 
 Hence   [Z] = [3] 
 
(ii) Type2 modification; add   1 Ω  from old bus  1 to new bus  2 
[Z]old 
1Ω 2Ω
3Ω
1 
2 
ref 
3 
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  ∴ [Z] = ⎥⎦
⎤⎢⎣
⎡
43
33
 
(iii) Type3 modification; add   2 Ω  from old bus  1 to new bus 3 
   ∴ [Z] = 
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
533
343
333
 
3.2 Writing a Z-Bus building Program in Visual Basic 
 
A program was coded in Visual Basic for performing Z-bus building. The Z-bus formulation of 
the sequence networks constitutes the core of preparation for fault analysis. For a complete list of 
the program code, refer to Appendix A. 
 
3.3 Connection of Sequence Impedance Matrices 
We shall assume that, for our general n busbar system, a fault occurs at bus i. Now the fault may 
be one of the following types 
 
• Symmetrical three phase 
 
• Single Line to Ground 
 
• Line to Line 
 
• Double Line to Ground 
 
The treatment of such faults where a simple system is involved is well covered in power system 
textbooks. To summarize if the network is reduced to one impedance for each sequence quantity 
as follows 
 
 
 
 
 
Then the impedances are connected for faults as follows, assuming fault impedance Zf 
•  Three phase     •  Single Line to Ground 
 
                                                                      
                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
Z0
Z1 
Z2 
E1 
Z0
Z1
Z2
E1Zf
3Zf
Z0 Z1 Z2E1
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•  Line to Line     •  Double Line to Ground 
                                                                      
                                                                                          
 
 
 
 
 
 
 
 
 
 
 
Our interest now is concerned with representing the sequence impedances as an nxn matrix 
instead of a single impedance. The system is presented as follows 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The equations used in the system analysis are 
 
   [ ] [ ] [ ]V Z I0 0 0= − ⋅  
 
   [ ] [ ] [ ] [ ]V E Z I1 1 1= − ⋅  
 
   [ ] [ ] [ ]V Z I2 2 2= − ⋅  
 
......
......
1
i
n
Ref
Zero 
Sequence 
Network 
......
......
1
i
n
Ref
Negative 
Sequence 
Network 
......
......
1
i
n
Ref
Positive 
Sequence 
Network 1∠0
Z0 
Z1 
Z2 
E1 
Z0
Z1
Z2
E1Zf
Zf 
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The vector [E] contains  1∠0°  in all entries. The minus signs are necessary because the fault 
currents flow in a reverse sense to that in the definition of the [Z] bus matrix. 
We note that prior to the fault all node currents are zero. We then apply the fault by terminating 
only one node to reference through fault impedance Zf. If we terminate node i  then only Ii0, Ii1 
and Ii2  are non-zero. 
 
 
Balanced 3 phase fault 
 
For this type of fault 
  
 [ ] [ ]V V0 2 0= =  
 
   [ ] [ ]I I0 2 0= =  
 
   Vi1 = Ii1 Zf 
         = E - ( zi11 I11 + .... + zii1 Ii1 + .... + zin1 In1) 
 
 But  I11 = I21 = .... = In1 = 0 except for Ii1  
 
Then   Ii1 Zf  = E - zii1 Ii1 
   
   ∴ = +I
E
Z z
i
f ii
1
1  
Solving for  Vj1, 
    
   Vj1 = E - zji1 Ii1 
 
   V
z
Z z
Ej
ji
f ii
1
1
11= − +
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟ ⋅  
 
 
Single Line to Ground fault 
 
We observe that  
   Ij0 = Ij1 = Ij2 = 0 j=1,......,n 
      j ≠ i 
 
 and   Ii0 = Ii1 = Ii2  
 
 By  KVL 
   Vi0 + Vi1 + Vi2 = 3Zf Ii1 
 
   E - zii0Ii0 + zii1 Ii1 + zii2 Ii2 = 3Zf Ii1 
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   ∴ = + + +I
E
z z z Z
i
ii ii ii f
1
0 1 2 3
 
 
The bus voltages are 
   Vj0 = - zji0 Ii0 
 
   Vj0 = - zji0 Ii1 
   V
z E
z z z Z
j
ji
ii ii ii f
0
1
0 1 2 3
= −+ + +  
 
   Vj1 = E - zji1 Ii1 
    
  V
z
z z z Z
Ej
ji
ii ii ii f
1
1
0 1 21 3
= − + + +
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟ ⋅  
 
   Vj2 = - zji2 Ii2 
 
   Vj2 = - zji2 Ii1 
   V
z E
z z z Z
j
ji
ii ii ii f
2
2
0 1 2 3
= −+ + +  
 
Line to Line fault 
 
We observe that  
   [ ] [ ]V I0 0 0= =  
 
and from KVL 
 
   E - zii1 Ii1=Zf Ii1 - zii2 Ii2 
 
Realizing that Ii1 = - Ii2  and manipulating, 
 
   I E
z z Z
i
ii ii f
1
1 2= + +  
 
   Vj1 = E - zji1 Ii1 
 
         = 1
1
1 2− + +
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟ ⋅
z
z z Z
Eji
ii ii f
 
Furthermore 
    
   Vj2 = - zji2 Ii2 
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   Vj2 = + zji2 Ii1 
        = + +
z E
z z Z
ji
ii ii f
2
1 2  
Double Line to Ground fault 
 
We observe that 
   Vj1 = Vj2 
Also, 
  Ii0 + Ii1 + Ii2 = 0 
  I V
Z z
i
i
f ii
0
1
03
= − +    
  I E V
z
i
i
ii
1
1
1=
−
 
  I V
z
i
i
ii
2
1
2=
−
 
Substituting 
  
V
Z z
V E
z
V
z
i
f ii
i
ii
i
ii
1
0
1
1
1
23
0+ +
− + =  
 
Solving for Vi1 
  
( )
( ) ( )V
z Z z E
z z z Z z z Z z
i
ii f ii
ii ii ii f ii ii f ii
1
2 0
1 2 1 0 2 0
3
3 3
=
+ ⋅
⋅ + + + +
 
We define         ( ) ( )∆ = ⋅ + + + +z z z Z z z Z zii ii ii f ii ii f ii1 2 1 0 2 03 3   
 Then   I z Ei
ii0
2
= − ⋅∆   
   
( )
I
z Z z E
i
ii f ii1
2 03
=
+ + ⋅
∆  
   
( )
I
Z z E
i
f ii2
03
= −
+ ⋅
∆  
 
The voltages are  Vj0 = - zji0 Ii0 
    V
z z E
j
ji ii0
0 2
= − ⋅ ⋅∆  
     
    Vj1 = E - zji1 Ii1 
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                = 
( )
1
31 2 0
−
+ +⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟ ⋅
z z Z z
E
ji ii f ii
∆  
 
    Vj2 = - zji2 Ii2 
               = 
( )z Z z Eji f ii2 03 + ⋅
∆  
 
 
3.4 Programming the Fault analysis: 
 
Additional code was incorporated to perform the different faults described in the previous 
sections. The program calculates all fault currents on the three phases as well as fault voltage 
levels at all busbars. A complete listing of the program code is shown in appendix B 
 
Now the program was ready to carry out, all the fault analysis for different types of faults, with 
initiation all new required Networks, opening after saving any Network in the past. The program 
can show us the three Zero, Positive and Negative Sequence impedance matrices besides 
applying the fault analysis. 
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Chapter 4 
 
Description of the National Grid & Protection Systems 
 
4.1 The Existing NEC Power System 
 
The location of the power stations and the layout of the National Grid (NG) are shown on the 
attached single line diagram of Fig.(A). The capacities of the power stations are listed in the 
tables below. The N.G system comprises approximately 1400 km of high voltage transmission 
lines that are supplied by the thermal and hydropower stations. The status of the grid system, 
generation and transmission are briefly reviewed below: 
4.1.1 The Existing Power Stations 
 Generation can be classified into two main groups, namely thermal and hydro generation, and 
these detailed as follows: 
 
The Thermal Plants 
 
 NEC grid has a nominal thermal generating capacity of 389 MW. The plants are made up of  
135 MW of combustion turbines. 180 MW of steam turbines and 60MWof diesel units. 
 
At Khartoum North, two 30 MW (nominal) oil-fired steam generating units were completed in 
1984. Two 60 MW oil-fired steam generating units were completed in1991. Also two units of 20 
MW combustion turbines were commissioned in 1991, followed by 50 MW of combustion 
turbines commissioned at 2002. At Burri there are six diesel engine generators with 10, and15 
MW combustion turbine installed in 1984, two combustion turbines of 13 MW and 11MW 
respectively were completed at Kuku in 1985. 
 
 Hydraulic Plants 
 
NEC has three Hydraulic generating plants, Roseries and Sennar on Blue Nile River and Khashm 
El Girba on the Atbara River. These power stations provide a total of 307.45 MW on the grid 
system. Roseries is the largest station, having a total installed capacity of 280 MW, made of 
seven 40 MW Kaplan units 
 
4.1.2 Existing Transmission System  
 
Until 1990, the NEC operated two separate grid systems, namely Blue and Eastern Grid, but 
these were interconnected together. Apart from this, all other systems in Sudan operate on 
isolated basis. 
 
transmission system voltages are 220KV, 110KV and 66KVand distribution is at 33 and 11 KV. 
The system has six auto-transformers, 24 transformers are three winding and 52 transformers are 
two winding. The most important generation at Roseries Hydro-Station is connected to the main 
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grid through Sennar, Maringan and Kilo X. The main thermal capacity is located at Khartoum 
North and at Burri Power-station. 
 
From a reliability point of view, the system can be described as moderately meshed i.e some 
important loads are served through radial lines. The reliability of supply will generally be 
improved as radially supplied loads require additional lines and supply points. For example, the 
reliability of the Khartoum system was significantly improved when the110 kV loop around the 
city was completed. 
         
4.2 System Modelling & Data Transformation  
 
4.2.1 Single-Line Diagram 
 
An essential and a prerequisite tool for system analysis is the single line-diagram showing all 
relevant system components in a symbolic form. 
 
As in this case, the National Grid was represented by the single-line diagram Appendix A, with 
all system nodes numbered for easy reference when subjected to computer programming. 
 
4.2.2 Per-Unit Transformation 
 
The raw data of any system component is normally quoted with reference to the individual 
component rated values. Typically, the ratings of system components are different. Thus, it has 
been found very advantageous to refer all raw data to common base values (Vb& MVAb); a 
method which is well known as per-unit transformation. 
 
The common base values used in this study were 100MVA, 11 KV, 33 KV, 110 KV and 220 KV. 
 
4.2.3 Data base For the National Grid System 
 
The comprehensive data used for carrying out the study, specified according to the type of 
equipment used and voltage level is given in tables 4.2.3.1 ………. 
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               Table 4.2.3.1 
GENERATION DYNAMIC DATA         
Power 
Station 
Unit 
No. Rated X″D NewX″D 
Negative-
Sequance Negative-Sequence 
Negative-
Sequance 
Negative-
Sequance 
Zero-
Sequance 
Zero-
Sequance 
Zero-
Sequance Zero-Sequance 
name 
  MVA (p.u) (p.u) 
Resistance 
(p.u) New R(p.u) Reactance (p.u) 
New Reactance 
(p.u) 
Reactance 
(p.u) 
New 
Reactance 
(p.u) R (p.u) New R (p.u) 
ROSEIRES 1 44.5 0.3 0.67416 0.05 0.112359551 0.25 0.561797753 0.11 0.247191011 0.014 0.031460674 
  2 44.5 0.3 0.67416 0.05 0.112359551 0.25 0.561797753 0.11 0.247191011 0.014 0.031460674 
  3 44.5 0.3 0.67416 0.05 0.112359551 0.25 0.561797753 0.11 0.247191011 0.014 0.031460674 
  4 43 0.23 0.53488 0.05 0.11627907 0.25 0.581395349 0.12 0.279069767 0.014 0.03255814 
  5 43 0.23 0.53488 0.05 0.11627907 0.25 0.581395349 0.11 0.255813953 0.014 0.03255814 
  6 43 0.23 0.53488 0.05 0.11627907 0.25 0.581395349 0.11 0.255813953 0.014 0.03255814 
  7 43 0.23 0.53488 0.05 0.11627907 0.25 0.581395349 0.156 0.362790698 0.014 0.03255814 
Sennar 1 9.4 0.2 2.12766 0.05 0.531914894 0.205 2.180851064 0.13 1.382978723 0.014 0.14893617 
  2 9.4 0.2 2.12766 0.05 0.531914894 0.205 2.180851064 0.13 1.382978723 0.014 0.14893617 
BURRI 1 12.8 0.215 1.67969 0.05 0.390625 0.295 2.3046875 0.05 0.390625 0.01 0.078125 
  2 12.8 0.215 1.67969 0.05 0.390625 0.295 2.3046875 0.05 0.390625 0.01 0.078125 
  3 12.8 0.215 1.67969 0.05 0.390625 0.295 2.3046875 0.05 0.390625 0.01 0.078125 
  4 12.8 0.215 1.67969 0.05 0.390625 0.295 2.3046875 0.05 0.390625 0.01 0.078125 
  5 13.75 0.215 1.56364 0.05 0.363636364 0.295 2.145454545 0.05 0.363636364 0.01 0.072727273 
  6 13.75 0.215 1.56364 0.05 0.363636364 0.295 2.145454545 0.05 0.363636364 0.01 0.072727273 
Khartoum 
North 1 41.5 0.148 0.35663 0.05 0.120481928 0.153 0.368674699 0.091 0.219277108 0.015 0.036144578 
phase I 2 41.5 0.148 0.35663 0.05 0.120481928 0.153 0.368674699 0.091 0.219277108 0.015 0.036144578 
Khartoum 
North 3 75 0.148 0.19733 0.05 0.066666667 0.153 0.204 0.091 0.121333333 0.015 0.02 
phase II 4 75 0.148 0.19733 0.05 0.066666667 0.153 0.204 0.091 0.121333333 0.015 0.02 
Khartoum 
North 1 22.96 0.121 0.52693 0.05 0.217741584 0.127 0.553063624 0.05 0.217741584 0.01 0.043548317 
 (G.T  
Phase I) 2 22.96 0.121 0.52693 0.05 0.217741584 0.127 0.553063624 0.05 0.217741584 0.01 0.043548317 
 (G.T 
PhaseII) 1 22.96 0.121 0.52693 0.05 0.217741584 0.127 0.553063624 0.05 0.217741584 0.01 0.043548317 
 2 22.96 0.121 0.52693 0.05 0.217741584 0.127 0.553063624 0.05 0.217741584 0.01 0.043548317 
Kilo X 
(G.T) 1 18.8 0.162 0.8617 0.05 0.265957447 0.206 1.095744681 0.1 0.531914894 0.01 0.053191489 
Burri   
(G.T) 1 18.8 0.12 0.6383 0.05 0.265957447 0.126 0.670212766 0.06 0.319148936 0.01 0.053191489 
Kuku  (G.T) 1 14.25 0.12 0.84211 0.05 0.350877193 0.126 0.884210526 0.06 0.421052632 0.01 0.070175439 
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               Table 4.2.3.2 
 
 
220 KV POWER TRANSFORMER DATA 
      
                   
              Leakage leakage leakage leakage leakage leakage 
Tr.  Substation Voltage Sp Ss St Vector Impedance impedance impedance impedance impedance impedance 
No.   Ratio (MVA) (MVA) (MVA) group Xp/S(%) Xs/t (%) Xp/t (%) Xp/s(p.u) Xp/t (p.u) Xs/t(p.u) 
              Sn(MVA) Sn(MVA) Sn(MVA)       
              windings windings windings       
1 Kilo X 220/110/11 100 100 15 YNd11 5.877 9.6 16.359 0.05877 0.16359 0.096 
2     100 100 15 Yy0yd11 5.877 9.6 16.359 0.05877 0.16359 0.096 
1 Geiad 220/110/33 60 60 15 YNa0d11 12.06 25.42 40.58 0.201 0.676333333 0.423666667 
2   220/33 30 30   Ynyn 15.15     0.505 0 0 
1 Meringan 220/110/11 40 40 15 YNd11 5.853 9.06 15.679 0.146325 0.391975 0.2265 
2     40 40 15 YNd11 5.853 9.06 15.679 0.146325 0.391975 0.2265 
1 Sennar 220/110/11 55 55 30 Yyd 7.966 25.087 15.699 0.144836364 0.285436364 0.456127273 
2   220/110/33 55 55 30 Yyd 8.011 21.807 16.7 0.145654545 0.303636364 0.396490909 
1 Roseires 220/11 89 44.5 44.5 Yd1d1 20.8 21.201 20.8 0.233707865 0.233707865 0.238213483 
2     89 44.5 44.5 Yd1d1 20.8 21.201 20.8 0.233707865 0.233707865 0.238213483 
3     86 43 43 Yd1d1 19.386 35.576 19.386 0.225418605 0.225418605 0.413674419 
4     76.5 43 33.5 Yd1d1 23.981 45.449 23.981 0.313477124 0.313477124 0.594104575 
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                            Table 4.2.3.3 
 
 
 
 
                220KV LINE DATA 
 
          Earth                 
No. From To Length(km) 
// 
Lines wire R1(Ω/km) X1(Ω/km) R1 (p.u) X1 (p.u) Ro(Ω/Km) Xo(Ω/km) R0 (p.u) X0 (p.u) 
                            
1 Kilo X GEIAD 43 1 83.82 0.06865 0.4045 0.0060991 0.035937 0.5054 1.4247 0.0449012 0.1265746 
2 Kilo X MERINGAN 184 1 83.82 0.06865 0.4045 0.0260983 0.1537769 0.5054 1.4247 0.1921355 0.5416215 
3 GEIAD MERINGAN 141 2 83.82 0.06865 0.4045 0.0199993 0.1178399 0.5054 1.4247 0.1472343 0.4150469 
4 MARINGAN SENNAR 84 1 83.82 0.06865 0.4045 0.0119145 0.0702025 0.5054 1.4247 0.087714 0.247262 
5 MERINGAN SENNAR 84 2 83.82 0.06865 0.4045 0.0119145 0.0702025 0.5054 1.4247 0.087714 0.247262 
6 SENNAR ROSEIRES 228 1 83.82 0.06865 0.4045 0.0323393 0.1905496 0.5054 1.4247 0.238081 0.6711397 
7 SENNAR ROSEIRES 228 2 83.82 0.06865 0.4045 0.0323393 0.1905496 0.5054 1.4247 0.238081 0.6711397 
8 Kilo X Ed-babiker 14     0.06865 0.4045 0.0019857 0.0117004 0.5054 1.4247 0.014619 0.0412103 
9 Kilo X Ed-babiker 14     0.06865 0.4045 0.0019857 0.0117004 0.5054 1.4247 0.014619 0.0412103 
10 Ed-babiker Gary 55.9     0.06865 0.4045 0.0079288 0.0467181 0.5054 1.4247 0.0583716 0.164547 
11 Ed-babiker Gary 55.9     0.06865 0.4045 0.0079288 0.0467181 0.5054 1.4247 0.0583716 0.164547 
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                         Table 4.2.3.4 
 
                  110 KV POWER TRANSFORMER DATA 
         
                 
          Leakage leakage leakage Leakage leakage leakage 
Tr.  Substation Voltage S(MVA) Vector Impedance impedance impedance impedance impedance impedance 
No.   Ratio   group Xp/S(%) Xs/t (%) Xp/t (%) Xp/s(p.u) Xp/t(p.u) Xs/t 
          Sn(MVA) Sn(MVA) Sn(MVA)       
          windings windings windings       
1 Meringan                   
2 TR1 110/33/11 7.5 Yy0d11 12.729 3.667 5.22 1.6972 0.696 0.488933333 
3 TR3 110/11 15 YNd11 9.87     0.658 0 0 
4 TR5 110/33/11 17.5 YNyn0d11 9.973 5.806 16.81 0.569885714 0.960571429 0.331771429 
5 TR6 110/11 7.5 Yd11 9.225     1.23 0 0 
6 TR7 110/33/11 12.5 YNd11 9.24 4.99 15.591 0.7392 1.24728 0.3992 
1 El fau 110/11 7.5 Yd11 9.2     1.226666667 0 0 
1 Hag abdalla 110/33/11 17.5 YNyn0d11 10.196 5 16.197 0.582628571 0.925542857 0.285714286 
1 Sennar Hyd 110/11 10 Yd11 11.18     1.118 0 0 
2   110/11 10 Yd11 11.18     1.118 0 0 
1 Mina sherif 110/33/11 17.5 YNyn0d11 10.2 4.99 16.289 0.582857143 0.9308 0.285142857 
2     17.5 YNyn0d11 10.2 4.99 16.289 0.582857143 0.9308 0.285142857 
3     17.5 YNyn0d11 10.2 4.99 16.289 0.582857143 0.9308 0.285142857 
1 Rabak 110/33/11 17.5 YNyn0d11 10.8 3.2 10.1 0.617142857 0.577142857 0.182857143 
2     15 YNd11 9.87     0.658 0 0 
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               Table 4.2.3.4 
          110 KV POWER TRANSFORMER DATA             
              Leakage leakage leakage Leakage leakage leakage 
Tr.  Substation Voltage S(MVA) S(MVA) S(MVA) Vector Impedance impedance impedance impedance impedance impedance 
No.   ratio S-P/S S-P/T S-S/T group Xp/S(%) Xp/t (%) Xs/t (%) Xp/s(p.u) Xp/t(p.u) Xs/t 
1 Kh.N 110/11 41.25     YNd1 12.29     0.297939394 0 0 
2     41.25     YNd1 12.29     0.297939394 0 0 
3     75     YNd1 11.92     0.158933333 0 0 
4     75     YNd1 11.92     0.158933333 0 0 
5     60 60 10 YNOynod11 9.61     0.160166667 0 0 
6 Kh.N-GTII 110/11/11 60     YNd5 11.7     0.195 0 0 
1 OMDUR 110/33/11 35 10 10 Ynyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
2     35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
1 Forest 110/33/11 35 10 10 Ynyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
2   110/33/11 35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
1 MAGROUS 110/33/11 35 10 10 Ynyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
2   110/33/11 35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
3   110/33/11 35 10 10 Ynyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
4   110/33/11 35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
1 Mahadia 110/33/11 35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
2   110/33/11 35 10 10 YNyno 19.91 24.29 14.94 0.568857143 0.694 0.426857143 
1 KUKU 110/33 30     YNyn0 9.35     0.311666667 0 0 
2   110/33 30     YNyn0 9.35     0.311666667 0 0 
3   110/33 30     YNyn0 9.35     0.311666667 0 0 
1 ELBAGER 110/33/11 17.5 5 5 YNyn0d11 10.2 16.289 4.99 0.582857143 0.9308 0.285142857 
2   110/33/11 17.5 5 5 YNyn0d11 10.2 16.289 4.99 0.582857143 0.9308 0.285142857 
1 KILOX 110/33/11 25 10 10 YNynod11 10.5 18 6.5 0.42 0.72 0.26 
2   110/33/11 35 35 35 YNynod11 19.85 32 9.04 0.567142857 0.914285714 0.258285714 
1 HASA 110/33/11 17.5 10 10 YNyn0d11 19.85 32 9.04 1.134285714 1.828571429 0.516571429 
    110/33/11 17.5 10 10 YNyn0d11 10.2 16.289 4.99 0.582857143 0.9308 0.285142857 
    110/11 7.5     Yd11 9.2     1.226666667 0 0 
  Gedarif 110/66/11 25 10 10 YNyn0yno 10 15 26 0.4 0.6 1.04 
  Kassala 66/11 10     YNd1 8     0.8 0 0                
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              Table 4.2.3.5 
 
           110KV OVERHEAD LINE DATA 
 
            
                        
No. From To Length(km) R1(Ω/km) X1(Ω/km) R1 (p.u) X1 (p.u) Ro(Ω/Km) Xo(Ω/km) R0 (p.u) X0 (p.u) 
                        
1 KHARTOUM-N KUKU 4 0.0384 0.302 0.0003174 0.0024959 0.3995 1.206 0.0033017 0.0099669 
2 KHARTOUM-N KUKU 4 0.0384 0.302 0.0003174 0.0024959 0.3995 1.206 0.0033017 0.0099669 
3 KUKU KILO-X 14.6 0.087 0.373 0.0026244 0.0112517 0.322 1.3 0.0097132 0.0392149 
4 KUKU KILO-X 14.6 0.087 0.373 0.0026244 0.0112517 0.322 1.3 0.0097132 0.0392149 
5 KHARTOUM-N OUMDURMAN 29.7 0.06865 0.277 0.0042126 0.0169977 0.209 1.035 0.012825 0.0635114 
6 OUMDERMAN FOREST 10.1 0.06865 0.277 0.0014326 0.0057804 0.209 1.035 0.0043614 0.0215981 
7 FOREST MAGAROUS 11 0.06865 0.277 0.0015602 0.0062955 0.209 1.035 0.00475 0.0235227 
8 MAGEROUS KILO-X 10.8 0.06865 0.277 0.0015319 0.006181 0.209 1.035 0.0046636 0.023095 
9 KILO-X EL-BAGER 25 0.348 0.421 0.0179752 0.0217459 0.546 1.38 0.0282025 0.071281 
10 ELBAGER GIEAD 3 0.348 0.421 0.002157 0.0026095 0.452 1.37 0.0028017 0.0084917 
11 GIEAD HASA-HEISA 77 0.348 0.421 0.0553636 0.0669773 0.452 1.37 0.0719091 0.2179545 
12 HASA-HEISA MARINGAN 55 0.348 0.421 0.0395455 0.0478409 0.452 1.37 0.0513636 0.1556818 
13 MARINGAN EL-FAU 71 0.255 0.37 0.037407 0.0542769 0.452 1.37 0.0663058 0.2009711 
14 EL-FAU GEDAREF 152.6 0.242 0.423 0.0763 0.1333674 0.481 1.3 0.1516541 0.409876 
15 MARINGAN HAG-ABDALLA 35 0.348 0.421 0.0251653 0.0304442 0.452 1.37 0.032686 0.0990702 
16 HAG-ABDALLA SENNAR-HYDRO 60 0.348 0.421 0.0431405 0.0521901 0.452 1.37 0.0560331 0.1698347 
17 SENNAR HYDRO MINA-SHARIF 69 0.255 0.37 0.0363533 0.0527479 0.452 1.37 0.064438 0.1953099 
18 SENNAR HYDRO SENNAR 10 0.348 0.421 0.0071901 0.0086983 0.452 1.37 0.0093388 0.0283058 
19 SENNAR  RABAK 96 0.348 0.421 0.0690248 0.0835041 0.452 1.37 0.0896529 0.2717355 
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Continue 
 
 
 
 
Table 4.2.3.5 
 
33 KV OVERHEAD LINE DATA 
 
33 KV OHL          
                        
No. From To Length(km) R1(Ω/km) X1(Ω/km) R1 (p.u) X1 (p.u) Ro(Ω/Km) Xo(Ω/km) R0 (p.u) X0 (p.u) 
                        
1 
KHARTOUM-
N KUKU 4.5 0.188 0.125 0.0017479 0.0011622 1 1 0.0092975 0.0092975 
2 
KHARTOUM-
N KUKU 4.5 0.188 0.125 0.0017479 0.0011622 1 1 0.0092975 0.0092975 
3 KUKU KILO-X 12.5 0.223 0.347 0.0057593 0.0089618 0.31 1.48 0.0080062 0.0382231 
4 KUKU BURRI 5.6 0.075 0.113 0.0008678 0.0013074 0.97 0.71 0.0112231 0.0082149 
5 KUKU BURRI 3.5 0.075 0.113 0.0005424 0.0008171 0.97 0.71 0.0070145 0.0051343 
6 KUKU BURRI 3.4 0.075 0.113 0.0005269 0.0007938 0.97 0.71 0.006814 0.0049876 
7 KUKU BURRI 3.4 0.075 0.113 0.0005269 0.0007938 0.97 0.71 0.006814 0.0049876 
8 KUKU BURRI 3.4 0.075 0.113 0.0005269 0.0007938 0.97 0.71 0.006814 0.0049876 
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                            Table 4.2.3.6 
               
33 KV POWER TRANSFORMER DATA       
          Leakage leakage leakage Leakage leakage leakage 
Tr.  Substation Voltage S(MVA) Vector Impedance impedance impedance impedance impedance impedance 
No.   ratio   group Xp/S(%) Xp/t(%) Xs/t (%) Xp/s(p.u) Xp/t(p.u) Xs/t 
          Sn(MVA) Sn(MVA) Sn(MVA)       
          windings windings windings       
1 Kh.N GT 33/11 22.963 YNd1 10.69     0.465531507 0 0 
2   33/11  22.963 YNd1 10.69     0.465531507 0 0 
1 BURRI 33/11 38.5 YNd1 10.93     0.283896104 0 0 
2 Diesel Eng. 33/11 38.5 YNd1 10.93     0.283896104 0 0 
3 Transformer 33/11 38.5 YNd1 10.93     0.283896104 0 0 
4 BurRI GT 33/11 15 YNd1 9.15     0.61 0 0 
5 Tr3 33/11 25 Yd11Yd11 16.96 16.96 31.4 0.6784 0.6784 1.256 
6 Tr4 33/11 25 Yd11Yd11 16.96 16.96 31.4 0.6784 0.6784 1.256 
1 KUKU GT 33/11 20 YNd1 13.2     0.66 0 0 
1 KILO X 33 33/11 10 YNd11 11.1     1.11 0 0 
2 KILO X GT 33/11 18.8 YNd1 7.708     0.41 0 0 
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4.2.4 Practical Assumptions   
 
The following assumptions simplify the calculation without degrading the accuracy, 
 
Assumption1:    Load impedances can be ignored. 
 
Assumption2:   All shunt elements in the line and transformer models can be ignored. 
 
Assumption3:   All series resistances in transformers and generators can be ignored. 
 
Assumption4:  The pre-fault system is unloaded, with zero currents, with phase a at the        
              fault point equal to 1∠0o, and with a flat voltage profile. 
 
4.3 Previous Fault Analysis Studies 
 
4.3.1 Lahmeyer International  1986 
 
Lahmeyer International Company as technical consultant for National Electricity Corporation 
(NEC) performed in 1986 a short circuit study for the following purposes: 
 
o To interconnect the Eastern Grid with the Blue Nile Grid 
 
o Planning for 110 kV ring network a round Khartoum. 
 
o Planning a study for expansion of the system to incorporate a white Nile Grid. 
 
At that time it was found that the maximum three phase short circuit currents were: 
 
220 kV at Roseries                                       2.9 KA 
110 kV at Kuku                                            6.3 KA 
66   kV at Khashm El girba                          1.2 KA 
33   kV at Burri                                             21. KA 
 
4.3.2 Lahmeyer International March 2000 
 
In order to improve the reliability of power transmission between Roseries hydro power station 
and Khartoum, National Electricity Corporation (NEC) needs a third circuit between Roseries 
and Khartoum. The third circuit should, in addition serve to provide power supply from  Roseries 
power plant to the town of Rank, Mashkur and Getaina and to reinforce power supply to the city 
of Rabak. 
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A short circuit study were carried out for the peak load case in 220 / 110 / 66 / 33 kV systems to 
verify the maximum capacity of the switchgear. 
 
The fault currents at all busbars were computed. The three-phase fault currents in the 220 kV, 
110 kV, 66 kV, and 33 kV networks were as follows 
 
Voltage kV Substation Maximum Three-Phase 
Short-circuit current, 
KA 
Maximum Single-Phase 
Short-circuit Current, kA 
220 KiloX 
Hag Yousif 
 
7.8 
10.8 
110 KiloX 
Khartoum North 
 
18.8 
26.6 
66 El Girba 1.1 1.0 
33 El Gili 
Kuku 
 
24.4 
12.9 
     Table (4.3.2) illustrate fault calculation study by Lahmeyer 
4.3.3 EDF (Electriciti De France) Septemper 2000: 
 
EDF acted as a consultant to National Electricity Corporation participating on a project Named  
General Improvement Programme. One of the important objective of the project was the short-
circuit analysis of the National Grid.EDF  applied their own programme called the Urostage. 
The following table shows some results to be compared with Lahmeyere 86. 
 
Voltage kV Substation Maximum Three-Phase 
Short-circuit current, KA 
Maximum Three-Phase 
Short-circuit Current, kA  
  EDF Study2000 Lahmeyere1986 
220 Roseries 
 
2.1 2.9 
110 Kuku 6.587 6.3 
33 Khart. North 16.382 21 
33 Burri 16.978 21 
     Table (4.3.3) illustrate fault calculation study by EDF(Electricite De France) 
 
We see from the results that Lahmeyere values are higher than EDF values. 
 
4.4 Methods Used to Reduce Short-circuit Currents:  
 
With the increasing size of today’s power systems, there is constant need for checking fault 
levels, and the capacities of all circuit breakers and other switchgear should be verified, if 
necessary. The following methods are adopted to improve the short-circuit level, and are briefly 
described as follows: 
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1. Current limiting Reactors 
 
Current limiting reactors also called Series Reactors, solve only the problems of symmetrical 
faults. These are installed at strategic location of the power system to bring down the fault 
level within the capacity of the switchgear. These reactors are located at generator, between 
busbars, and feeders. The disadvange of this method is that, it causes voltage drop to the 
system and is a very expensive solution.  
 
 
2. Neutral Earthing Resistor 
 
Ground fault currents in solid grounding become excessive, hence, there is great need for 
introduction of earthing resistor at all 33 KV neutral sides of transformers at Khartoum area. 
We will see later in Chapter 6 step 1, the application of this method with the introduction of 
7ohm resistors for all Khartoum area 33kV transformer neutral sides. 
 
 
3. Network Topology 
 
One of the methods adopted for minimization of fault levels is undertaking changes in the 
topology of the power system through reconfiguration of busbars by buscoupler and bus-
sectionalizers. Also in between feeders, isolation or decoupling of lines used to link between 
two busbars, etc……are all ways and means for reducing fault levels. 
 
4.5 Protection System of the National Grid 
 
4.5.1 Introduction 
 
It is important for proper protection to coordinate the different protection relays, to reduce the 
fault Clearing Time, and to increase the selectivity and the reliability of the protection equipment. 
 
The protection schemes can be decomposed into their basic elements, such as voltage 
transformers, current transformers, transducers , temperature sensors, gas actuators , etc……… 
 
There have been numerous changes in the technology of the protection equipment. First it started 
with pure mechanical relays, the second generation was electromechanical relays, then electronic 
relays, solid-state relays, microprocessor relays and finally the art of state is now digital relays.  
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4.5.2 Protection Types  
 
Protection systems can be categorized as four types according to the field of work, these fields of 
work are: 
 
- Line protection 
- Bus zone protection 
- Generator Protection 
-Transformer Protection 
4.5.2.1 Line protection 
 
Lines or feeders can be protected by several methods. Each method has some advantages and 
some limitations. The classes of protective relays used for line protection; roughly in ascending 
order of cost and complexity are: 
 
1. Overcurrent protection of lines and this falls into the following categories: 
 
- Graded time lag overcurrent protection. In this type of protection, inverse time 
relays are employed. A time settings of overcurrent relays at successive stations 
are so graded that discrimination is obtained. 
 
- Graded times lag or graded directional overcurrent protection, this is employed 
where power flow can be from either sides and simple overcurrent protection does 
not provide selectivity. 
 
- Protection by instantaneous overcurrent relays 
 
- Protection by definite time overcurrent relays 
 
- Separate relays are provided for phase fault protection and earth fault protection. 
The relays for phase fault protection are co-ordinated independently of relays for 
earth fault. 
 
2. Distance Protection of Transmission Lines 
 
Distance relaying is considered for protection of transmission lines where the time-lag can not 
be permitted and selectivity can not be obtained by overcurrent relaying. Distance protection 
is used for secondary lines and main lines. 
 
Distance relaying is based on measurement of impedance between the relay location and the 
fault point. It is of three types, namely impedance type, reactance and mho type. The relay 
operates if the impedance is below the set value. 
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3. Protection of Lines Based on Unit Principle or Pilot wire Differential 
Relaying 
 
The unit protection responds to internal faults only. The use of channel to compare conditions 
at the terminals of a power line provides the only selective means of high speed clearing of 
end zone faults. In many ways pilot protection is analogous to differential protection of buses, 
transformers and machines. Due to its high cost it is used only for short lines. 
 
      4.5.2.2 Bus-bar Protection  
 
The majority of bus faults involve one phase and earth, but faults arise from many causes and 
a significant number are interphase faults clear of earth. In fact, a large portion of busbar 
faults arise from human error rather than the failure of switchgear component. 
  
This type of protection is used in the National Grid for 220KV, 110KV, 66KV and some 
important 33KV substations. Bus-bar protection should be stable for external faults and very 
fast for internal faults. 
 
Circuit-breakers in incoming and outgoing circuits are also covered by bus-bar protection. 
 
Differential protection is used as a primary bus-bar protection. CTs are used in incoming and 
outgoing circuit. The high impedance relay or biased differential relay is connected such that 
out of balance currents during internal faults flow through the relay. 
 
The high impedance relay is an overcurrent relay with a series resistance. Such a relay 
remains stable against split currents due to external faults or CT inaccuracies. 
     4.5.2.3 Generator Protection  
 
The generator is a large machine and is connected to busbars. Most of the generators of NEC 
power stations have output voltage at 11KV. A generator is accompanied by a unit 
transformer, auxiliary transformers and bus systems.   
 
Each generator incorporates an excitation system, prime mover, voltage regulator, cooling 
system etc. Hence it is not single equipment. The protection of the generator should be co-
ordinated with its associated equipment.  
 
The protection of generator-transformer unit can be divided into three groups: 
 
- Protective relays to detect faults or abnormal conditions external to the unit. 
- Protective relays to detect faults internal to the unit. 
- Devices associated with the unit, e.g over-speed safeguards, temperature 
measuring devices for bearings, windings sound alarms etc…. 
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Most of the protection relays used for generator protection in NEC power-stations are electro-
mechanical and static relays. 
 
Alternator protection is complex and the type of protection used depends on the generating 
capacity of the generator. The large generating capacity, an increased number of protection 
equipment are used. The type of prime mover e.g steam, hydro, diesel, gas turbine also 
specifies the type of protection used. Most of the alternators are provided with the following 
basic relays: 
 
- percentage differential relay 
- Overcurrent and earthfault protection for generator back-up. 
- Sensitive stator earthfault protection 
- Rotor earthfault 
- Negative sequence protection of generator 
- Stator heating protection 
- Loss of field protection 
- Reverse power 
- Over-speed protection 
- Over and under voltage protection 
 
 An important thing, which is related to our study is that, during external faults with large short-
circuit currents, severe mechanical stress will be imposed on the stator windings. If any 
mechanical defects already exist in the winding, these may be further aggravated. The 
temperature rise is however, relatively slow and a dangerous temperature level may be obtained 
after about 10 seconds, with symmetrical and non-symmetrical faults, severe vibrations and 
overheating of the rotor may occur.      
 
4.5.2.4 Transformer Protection 
  
Transformers are everywhere in all parts of the power system, between all voltage levels  
( 220KV, 110KV, 66KV, 33KV, 11KV, 0.415KV ) and existing in many different sizes                
( 100MVA up-to 25KVA) and they are of different types and connections. 
 
Usually, circuit breakers or other disconnection means are available at or near the winding 
terminals of the transformer banks. 
The choice of the suitable protection is also governed by economic consideration. Only the 
simplest protection can be justified for transformers of low ratings, whereas those of high ratings 
should have the best protection that can be designed. 
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 Faults on Power Transformers 
 
Faults generally encountered by a transformer, can be classified as follows: 
A) Through Faults 
                      These can be divided into overload condition and external short-circuit             
            condition.  
B)  Internal Faults 
This is a failure inside the protection zone, which can be grouped in to the 
following: 
 
o Winding failure 
o Tap changer failure 
o Bushing failure 
o Terminal board failure 
o Core failure. 
o Miscellaneous failures 
 
Now, we can tabulate the important protection devices, related with the abnormal condition, with 
some remarks 
 
Power Transformer Protection 
 
Protection Abnormal condition Remarks 
1-Buchholz relay 
2-pressure relief 
3-Sudden pressure relay 
Incipient faults below oil 
insulating level, resulting in 
decomposition of oil, faults 
between phases and 
between phases to ground.  
Buchholz relay is used for 
transformers of rating 
500KVA and above.   
1-Percentage differential 
2-High speed set                     
overcurrent relay 
-Large internal faults phase 
to phase, phase to ground 
below oil level. 
-Faults in tap changer 
In NEC this type of 
protection is used for 
transformer of rating 
2.5MVA and above. 
1-Over fluxing  
2-Over voltage 
Saturation of magnetic 
circuit 
For generator transformer 
and feeder transformers 
Earth fault relay  -Instantaneous restricted 
E.F relay 
-Time lag E.F relay. 
Graded time lag overcurrent 
 
Through faults Main protection for 
distribution protection. 
Thermal overload relay 
Temperature relay 
overloads Temperature indicators are 
provided on transformers 
1-Horn-gaps 
2-Lightning Arresters 
High voltage surges due to 
switching and lightning. 
Not favoured for important 
transformers.  
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Chapter 5 
 
Power System Fault Analysis Program 
 
 
File Management 
 
 
5.1.0 New:  
 
Erases the editor screen and prepares it for a new system, see fig.5.1 
 
5.1.1 Open: 
 
Open an existing Fault Analysis File. Actually each system is represented by two files; the 
system data file which has an extension flt and the graphical data file with the extension 
gph. 
 
You may open any of these files with a text editor, but the data is column sensitive and any 
modifications may corrupt the data and result in either incorrect values being read or a run 
time error. see fig.5.1 
 
5.1.2 Save:  
 
Save the system data and graphics files. see fig.5.1 
 
 
Note: The format of the data files do not conform to the IEEE Common Data Format for the 
Exchange of Solved Load Flow Data. see fig.5.1 
 
 
Fig.5.1 which shows elements of file management. 
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5.2 Using the Graphical Editor 
 
 
 The Visual Editor is used to build the system from scratch. The fundamental building 
component is the Busbar. All other components attach to it (see fig.5.2). 
 
 
Fig. 5.2 shows the visual editor 
 
 
 Busbars 
 
 Generators 
 
 Transmission  
 
 Two Winding Transformers 
 
 Three Winding Transformers 
 
 Earthing Transformers 
 
 Printing the Diagram 
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5.2.1 Busbars 
 
A busbar is inserted into the edit window by dragging on its symbol in the left menu and 
dropping it on the desired position. 
 
Busbar information is entered by double clicking on it. The information dialogue allows 
entry of Busbar Name and rated kV level of the bus. The kV serves as a base value for 
converting the fault currents from the p.u to actual values and must therefore be correctly 
entered. The Busbar Number is automatically assigned when initially created and cannot 
be changed. 
 
Other control options are accessible through right-clicking the mouse while its pointer 
rests on top of busbar. These include rotating the busbar to the horizontal position, 
resizing it (enlarging and shrinking) and deleting it.  
         
 
 
        (fig.5.2.1) illustrates how to draw a busbar in the single line diagram 
 
5.2.2 Generators 
 
Generators attach to the central position of busbars. To attach a generator, drag on its 
symbol in the left menu and drop it on the required busbar. 
 
Generator information is entered by double-clicking on it. The information dialogue 
allows users to enter sequence impedances in p.u. The required entry fields are the 
positive, negative and zero sequence reactance. Resistance is neglected. 
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Additional two entries to define the grounding resistance and/or reactance exist. The 
entries are in p.u based on the system MVA and kV levels. 
 
Other control options are accessible through right-clicking the mouse while its pointer is 
on top of generator. You may change the orientation of the generator to left or right, up or 
down depending on the busbar orientation. You may also temporarily disconnect the 
generator or permanently delete it. 
 
Note: You may add more than one generator to the same bus. However because each new 
generator rests on top of the previous one, only the last generator may be 
immediately accessible. To see and access the previous generator, temporarily flip 
the position of the last generator to the other side of the busbar. From the analytical 
point of view, there is no significance to attaching more than one generator to a 
busbar since one generator may be representative of a group of parallel generators 
by correctly specifying their impedances. 
          
 
                (fig.5.2.2) how to draw a generator in the single line diagram 
 
 
   5.2.3Transmission Lines 
 
To insert a transmission line between two busbars, drag on the line icon in the left menu 
and drop it on the first busbar. A small grip control will appear attached to your mouse 
pointer which you can then move freely to the second busbar. When you click the mouse 
in the vicinity of this busbar, the transmission line will be complete. 
 
You may double-click along the line to access its information dialogue. The entry fields 
are the sequence resistance and reactance in p.u. As is the common practice in fault 
studies, the line charging reactance is ignored. 
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Other control options are accessible through right-clicking the mouse while its pointer is 
along the line. You may change the orientation in which the line start or end projects from 
the busbar to improve its appearance. You may also temporarily disconnect the line or 
permanently delete it. 
 
          
 (fig.5.2.3) information dialogue of transmission line  
 
         5.2.4 Two-Winding Transformers 
 
To insert a two-winding transformer between two busbars, drag on the two-winding 
transformer icon in the left menu and drop it on the first busbar. A small grip control will 
appear attached to your mouse pointer which you can then move freely to the second 
busbar. When you click the mouse in the vicinity of this busbar, the transformer 
connection will be complete. 
 
You may double-click on the transformer symbol to access its information dialogue. The 
entry fields are the transformer sequence reactances in p.u (resistance is neglected), and 
the transformer grounding information for Y connected windings. The grounding 
resistance and/or reactance are entered in p.u. based on the system MVA and the nominal 
kV level of the winding. Entering grounding information for a Delta-Delta transformer 
will have no effect on the analysis. Entering grounding information for a Y-Y transformer 
will pertain to only one side (the side upon which it is based). 
 
The entry field for the transformer connection offers a choice of Y-Y, Y-Delta, Delta-Y 
and Delta-Delta. If you select a Y-Delta or a Delta-Y connection you are further given the 
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choice of selecting between a +30 and a -30 degree phase shift. A positive phase shift 
indicates that the secondary advances on the primary and vise-versa. 
Other control options are accessible through right-clicking the mouse while its pointer is 
on the transformer object. You may flip the primary and secondary sides, and you may 
change the orientation of the transformer to horizontal or vertical. You may also 
temporarily disconnect the transformer or permanently delete it. 
 
           ( fig. 5.2.4) example of how to draw two winding transformer in the single line diagram 
 5.2.5 Three-Winding Transformers 
To insert a three-winding transformer between two busbars, drag on the three-winding 
transformer icon in the left menu and drop it on the first (primary) busbar. A small grip 
control will appear attached to your mouse pointer which you can then move freely to the 
second (secondary) busbar. When you click the mouse in the vicinity of this busbar, 
another grip control will attach to your mouse which you can then move to the third 
(tertiary) busbar. When you finally click on this 
this busbar, the transformer connection will be 
complete. 
You might get into a situation where the 
connectors of the secondary and tertiary 
connectors cross over each other because their 
respective busbars are in the wrong place (Fig 1). 
Analytically this is not a problem, but the 
connections look messy. 
You may want to delete the transformer and 
try again. Best way is to start with the 
secondary bus above the tertiary bus for a 
horizontally oriented transformer as shown in 
Fig 2. If you then require that secondary be 
connected to bus 3 and the tertiary to bus 2, 
Fig 5.2.5 
(a)Cross  over 
busbar 
Fig.5.2.5 
(b) busbar 
correction 
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simply right-click on the transformer symbol and select: Flip Secondary &Tertiary. 
 
You may double-click on the transformer symbol to access its information dialogue. The 
entry fields are the transformer sequence reactances in p.u (resistance is neglected), and 
the transformer grounding information for Y connected windings. The reactances used in 
the information dialogue are those corresponding to the three short circuit reactances; 
Xps, Xpt and Xst. 
 
The grounding resistance and/or reactance are entered in p.u. based on the system MVA 
and the nominal kV level of the winding. Entering grounding information for a Delta 
connected winding will have no effect on the analysis.  
 
The entry field for the transformer connection offers a choice of Y-Y-Y, Y-Y-Delta, Y-
Delta-Y and Y-Delta-Delta, Delta-Y-Y, Delta-Delta-Y and Delta-Y-Delta. If a Y-Delta or 
a Delta-Y connection exists between primary and secondary, or between primary and 
tertiary you are further given the choice of selecting between a +30 and a -30 degree 
phase shift. A positive phase shift indicates that the secondary/tertiary advances on the 
primary and vise-versa. 
Other control options are accessible through right-clicking the mouse while its pointer is 
on the transformer object. You may flip the primary and secondary sides, and you may 
change the orientation of the transformer to horizontal or vertical. You may also 
temporarily disconnect the transformer or permanently Delete it. 
 
             
            (  Fig.5.2.5)How to draw three winding transformer in the single line diagram 
 
          5.2.6 Earthing Transformers 
 
An earthing transformer is typically attached to a bus which the delta winding side of a 
transformer ends. Nevertheless it can be attached to any bus where low impedance to 
ground fault currents is required. To insert an earthing transformer at a busbar, drag on the 
its icon in the left menu and drop it on the busbar. It will appear attached to one side of 
the busbar with a particular orientation, either to the left or to the right, up or down 
depending on the busbar orientation. If you wish to change the position or orientation, 
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right-click on the earthing transformer object and select appropriate positions or 
orientations. 
 
You may double click on the earthing transformer object to access its information 
dialogue. The entry fields are the zero sequence reactance in p.u. (impedance to positive 
and negative sequence currents is extremely high), and grounding resistance and/or 
reactance in p.u. based on the system MVA and the nominal voltage at the bus. 
 
Other control options are accessible through right-clicking the mouse while its pointer is 
on the earthing transformer object. You may flip the load to one side or the other of the 
busbar, or move it up, down, left or right. You may also delete it. 
 
 
(Fig.5.2.6) How to draw earthing transformer in the single line diagram 
 
 
 
5.2.7 Printing the Diagram 
 
The single line diagram may be sent to the printer using the Print Diagram command 
button below the diagram. Depending on your page setup and printer orientation (Portrait 
or Landscape), your diagram will be divided into a number of pages. Small diagrams are 
usually contained in page 1 (top left page), while larger diagrams extend into the pages on 
the right and bottom. Each page needs to be printed separately to get the complete 
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diagram. Current flows are displayed in their correct color if your printer has a color 
option. 
 
 
(Fig.5.2.7) shows how to print the diagram 
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5.3 Analysis 
 
 
 
5.3.1 Fault Analysis 
  
Provided you have entered data correctly, you may perform a fault analysis study on your 
system. You need first to define the fault busbar by dragging the fault symbol onto it. 
After it attaches to the busbar double click on it to open the Fault Parameters dialogue box. 
Select the fault type and, if you desire a fault impedance other than zero, enter the fault 
impedance in p.u. Otherwise, leave it as 0 + j 0 for a solid fault. 
 
You need to pay extra attention to transformer phase shifts. The system checks for phase 
shift consistency and if a mismatch is found, no analysis will be performed. It is your 
responsibility to detect and correct the erroneous entry. Such a situation will arise if you 
parallel transformers which belong to different groups, either directly or through  
subsystem of links.  
 
Upon successful completion of the fault study, the resulting fault currents in the lines, 
transformers and generators will appear on the diagram. The default values are in p.u. but 
you may change that to the actual amps by selecting the “Current in Amps” button. 
Different colors are used for phase A (red), phase B (brown) and phase C (blue). A button 
below the diagram allows you to switch between phases. 
 
Another button allows you to hide the flows which clutter the screen if the elements are 
drawn too close to each other. 
 
Clicking on the “Show Report” button lists details of fault currents and voltages as well as 
the total Fault Level and Fault MVA. The report may then be sent to the printer, if desired. 
 
           5.3.2 Building Z Bus 
 
 
 
This option gives you an overview and printing option of the positive, negative and 
zero sequence impedance matrices, usually referred to as Z-Bus. It is usually of 
academic interest and, additionally, each diagonal element reduces the system to its 
Thevenin’s equivalent looking into the bus referenced by the index of the element. 
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5.4 Example 
 
                              Charless Gross ( Power System Analysis Page336 ) 
 
(Fig.5.4) shows the power system of gross example (Power system analysis  
page 336) 
 
Consider the system shown in Figure 5.4 the system data is shown below and the 
base MVA is 100 MVA, the data include the data in per-unit. 
 
item MVA 
rating 
Voltage 
rating 
X1  X2 X0 
G1 100 25 kv 0.2 0.2 0.05 
G2 100 13.8 0.2 0.2 0.05 
T1 100 25/230kv 0.05 0.05 0.05 
T2 100 13.8/230kv 0.05 0.05 0.05 
TL12 100 230 kv 0.1 0.1 0.3 
TL13 100 230 kv 0.1 0.1 0.3 
TL23 100 230 kv 0.1 0.1 0.3 
(Table 5.4) system data 
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 Required to find by the aid of the computer program: 
 
a) To build the impedance matrix, Zbus 
b) Three phase fault on bus 3 
c) Single line to ground fault 
d) Double line to ground fault 
e) Line to line fault                                                          
 Solution  
 
             
        a) Bus Impedance Matrix 
          ==================== 
 
         Positive Sequence Matrix 
         ------------------------ 
 
0.000 +j0.140  0.000 +j0.110  0.000 +j0.125  0.000 +j0.112  0.000 +j0.088   
0.000 +j0.110  0.000 +j0.140  0.000 +j0.125  0.000 +j0.088  0.000 +j0.112   
0.000 +j0.125  0.000 +j0.125  0.000 +j0.175  0.000 +j0.100  0.000 +j0.100   
0.000 +j0.112  0.000 +j0.088  0.000 +j0.100  0.000 +j0.129  0.000 +j0.071   
0.000 +j0.088  0.000 +j0.112  0.000 +j0.100  0.000 +j0.071  0.000 +j0.129   
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b) Three phase fault analysis 
 
 
         Type: Three phase fault on bus  3 
  
                            
 
        
 (Figure 5.4 (b)), shows the distributed fault current at all branches of the Network carried out    
by the fault analysis program 
         
        Fault Currents 
         -------------- 
 
      Busbar          Ia                            Ib                           Ic 
                          p.u.                          p.u.                         p.u. 
 
            3    5.714<-090.000      5.714<150.000       5.714<030.000 
 
      Fault MVA    = 571.4 
      Fault Current = 1434.4  Amps 
 
         Generators 
         ========== 
         Bus   Bus              Ia                              Ib                             Ic 
          0        4      2.8571<-090.000     2.8571<150.000      2.8571<030.000 
          0        5      2.8571<-060.000     2.8571<180.000      2.8571<060.000 
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           Lines 
         ======= 
         Bus   Bus              Ia                             Ib                  Ic 
          1        2      0.0000<000.000      0.0000<000.000      0.0000<000.000 
          2        3      2.8571<-090.000     2.8571<150.000      2.8571<030.000 
          1        3      2.8571<-090.000     2.8571<150.000      2.8571<030.000 
 
         2-Winding transformers 
         ===================== 
         Bus   Bus              Ia                            Ib                              Ic 
          1       4      2.8571<090.000      2.8571<-030.000     2.8571<210.000 
          2       5      2.8571<090.000      2.8571<-030.000     2.8571<210.000 
 
         Fault Voltages 
         -------------- 
      Busbar         Va                          Vb                          Vc 
                          p.u.                          p.u.                        p.u. 
            1    0.286<000.000       0.286<240.000       0.286<120.000 
            2    0.286<000.000       0.286<240.000       0.286<120.000 
            3    0.000<000.000       0.000<000.000       0.000<000.000 
            4    0.429<000.000       0.429<240.000       0.429<120.000 
            5    0.429<030.000       0.429<-090.000      0.429<150.000 
            
 c) Single line to ground fault 
             
 
        
( Figure 5.4 (c)), shows the distributed fault current at all branches of the Network carried out    
by the fault analysis program 
        
  64
         Fault Analysis Results 
         ---------------------- 
 
         Type: Single line to ground fault on bus  3 
 
         Fault Currents 
         -------------- 
 
      Busbar                Ia                             Ib                            Ic 
                                 p.u.                          p.u.                         p.u. 
 
            3          5.556<-088.354      0.000<000.000       0.000<000.000 
 
      Fault Current = 1394.8  Amps 
 
        
         Generators 
         ========== 
         Bus   Bus               Ia                             Ib                             Ic 
          0        4      2.6037<-084.138     0.2638<045.121      0.2638<045.121 
          0        5      1.6040<-088.354     0.0000<-089.692     1.6040<091.646 
 
         Lines 
         ======= 
         Bus   Bus      Ia                                 Ib                                Ic 
          1        2      0.1759<045.121      0.1759<045.121      0.1759<045.121 
          2        3      2.8394<-089.642     0.0879<225.121      0.0879<225.121 
          1        3      2.7184<-087.009     0.0879<045.121      0.0879<045.121 
 
         2-Winding transformers 
         ===================== 
 
         Bus   Bus          Ia                            Ib                              Ic 
 
          1       4      2.6037<095.862      0.2638<225.121      0.2638<225.121 
          2       5      2.9659<087.945      0.2638<045.121      0.2638<045.121 
  Fault Voltages 
   ------------- 
      Busbar          Va                           Vb                         Vc 
                           p.u.                          p.u.                       p.u. 
            1    0.445<004.110       0.891<246.052       0.987<111.502 
            2    0.482<-000.633      0.911<249.153       0.938<110.211 
            3    0.000<187.125       0.991<237.787       1.038<120.570 
            4    0.575<004.506       0.886<245.256       0.999<111.805 
            5    0.734<041.985       1.000<-090.000      0.746<136.963  
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    d) Double line to ground fault on bus  3 
 
 
         
  
           ( Figure 5.4 (d)), shows the distributed fault current at all branches of the Network carried 
 out by the fault analysis program 
 
 Fault Analysis Results 
   ---------------------- 
        
         Fault Currents 
         -------------- 
 
          Busbar      Ia                             Ib                        Ic 
                           p.u.                         p.u.                     p.u. 
 
            3    0.000<089.952       5.769<152.126       5.504<029.343 
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      Fault Current = 1448.1  Amps 
 
        
         Generators 
         ========== 
         Bus   Bus               Ia                             Ib                            Ic 
          0        4      0.2565<226.677      2.9631<156.912      2.5083<027.597 
          0        5      1.6653<-027.874     2.8571<180.000      1.5889<029.343 
 
         Lines 
         ======= 
         Bus   Bus      Ia                                       Ib                             Ic 
          1         2      0.1710<226.677      0.1710<226.677      0.1710<226.677 
          2         3      0.0855<046.677      2.8629<150.476      2.8337<029.858 
          1         3      0.0855<226.677      2.9084<153.750      2.6705<028.796 
 
         2-Winding transformers 
         ===================== 
         Bus   Bus                Ia                           Ib                              Ic 
          1        4      0.2565<046.677      2.9631<-023.088     2.5083<207.597 
          2        5      0.2565<226.677      2.8270<-032.892     2.9979<210.804 
 
         ------------------------------------------------ 
 
         Fault Voltages 
            -------------- 
      Busbar      Va                              Vb                           Vc 
                       p.u.                              p.u.                        p.u. 
 
            1    0.869<-003.569      0.409<223.676       0.364<144.360 
            2    0.830<-001.302      0.415<216.587       0.415<143.413 
            3    1.028<-001.471      0.000<255.964       0.000<104.036 
            4    0.878<-004.104      0.549<229.793       0.480<137.597 
            5    0.739<016.141       0.429<-090.000      0.744<162.571 
             
  
 
 
 
 
 
 
 
 
  67
e)  Line to line fault on bus  3 
                                 
 
        (Figure 5.4 (e)), shows the distributed fault current at all branches of the Network carried out    
by the fault analysis program 
 
   
 Fault Analysis Results 
         ---------------------- 
         
        Fault Currents 
         -------------- 
       
       
      Busbar         Ia                              Ib                            Ic 
                          p.u.                           p.u.                         p.u. 
 
            3    0.000<000.000       4.949<180.000       4.949<000.000 
          
       Fault Current = 1242.2  Amps 
 
          
         Generators 
         ========== 
         
        Bus   Bus               Ia                             Ib                             Ic 
          0        4      0.0000<089.976      2.4744<180.000      2.4744<000.000 
          0        5      1.4286<000.000      2.8571<180.000      1.4286<000.000 
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          Lines 
         ======= 
         Bus   Bus               Ia                             Ib                             Ic 
          1        2      0.0000<000.000      0.0000<000.000      0.0000<000.000 
          2        3      0.0000<000.000      2.4744<180.000      2.4744<000.000 
          1        3      0.0000<000.000      2.4744<180.000      2.4744<000.000 
 
          
          2-Winding transformers 
         ===================== 
         Bus   Bus              Ia                             Ib                             Ic 
          1       4      0.0000<089.990      2.4744<000.000      2.4744<180.000 
          2       5      0.0000<-089.990     2.4744<000.000      2.4744<180.000 
 
         ------------------------------------------------ 
 
 
 
         Fault Voltages 
         -------------- 
 
      Busbar        Va                            Vb                          Vc 
                         p.u.                           p.u.                         p.u. 
 
            1    1.000<000.000       0.558<206.329       0.558<153.671 
            2    1.000<000.000       0.558<206.329       0.558<153.671 
            3    1.000<000.000       0.500<180.000       0.500<180.000 
            4    1.000<000.000       0.623<216.587       0.623<143.413 
            5    0.892<013.898       0.429<-090.000      0.892<166.102 
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Chapter 6 
 
Fault Study of the National Grid 
 
 
6.0 Introduction 
 
Short-circuit current calculations are carried out for the National grid to verify the nominal 
capacities of switchgear for the existing and planned systems, and additionally for any protection 
system calculation and design, network equipment design, further more it can used for any 
Network analysis. 
 
For simplification, individual loads, shunt impedances and line capacitances, working 
condensers, as well as the pre-fault currents have been neglected. 
 
In order to calculate the maximum thermal and dynamic stress on the system the sub transient 
reactance’s value of the generators are used. 
 
The results presented by the fault studies indicates the r.m.s values of the short-circuit current in 
KA. 
 
The results are presented in four steps, step 0, step 1, step 2 and step 3. 
 
   All the neutral points of the power transformers on 220, 110, 33 KV levels are solidly grounded 
in step 0. The present treatment of neutral points in the National Grid concerning 11KV terminals 
of the delta windings of the power transformers is by earthing transformers, to provide earth fault 
type current limiters and for earth fault current to pass through the ground for protection. In step1 
the fault current is limited by earthing resistors connected in the neutral point of 33KV of the 
power transformers of Khartoum area. We will see only the results of step1 at the highest fault 
level Busbars (Khartoum N, Kuku, Burri and KiloX). 
 
In step 2 we will see the effect of disconnection of 33 KV line between KiloX and Burri, 
regarding the above substations.  
 
Furthermore, it will be checked whether the thermal capacities of all electrical components are 
sufficient to stand the stresses arising from fault currents. Especially the maximum permissible 
fault currents in the shielding of the 33KV cables and it will be the main criteria in limiting the 
earth fault currents of the 33KV system. 
 
The rated short-circuit breaking current capacities of the existing switchgear are given as follows: 
 
Voltage Level (KV) Breaking current (KA) 
220 25 
110 25 
33 25 
11 31.5 
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6.1 Calculation of Short Circuit by use of The Program 
      
In this study all generators are connected, thus the results obtained gives the maximum short-
circuit currents. 
 
We run the program to calculate the short-circuit currents at 220, 110, 33 kV and some important 
11 kV. The value of the short-circuit current was in kilo-ampere. The results are tabulated for 
different types of faults three-phase, single line to ground, double line to ground and line to line 
fault at different level of buses.  The study is done in four steps as follows: 
 
? Step 0 : shows the results of fault currents in the National Grid at 220KV, 110 KV and 
33KV levelswith the neutral sides of the transformers solidly connected to the ground. 
 
? Step 1 : shows the results of fault currents in the National Grid with the 33 KV neutral 
sides of Khartoum area transformers grounded through earthing resistors. 
 
? Step 2: shows the results as in step 1, but with the isolation of 33 KV line between Burri 
and KiloX. 
 
? Step 3: shows the results as in step 2, but with the isolation of 33 KV lines between 
Khart. North and Kuku. 
 
 
6.1.1 Step 0 
 
 
All types of faults currents are computed with the aid of the programme at all busbars. The result 
of the fault analysis is presented in Tables 6.1.1.1, Table 6.1.1.2, Table 6.1.1.3 and Table 6.1.1.4 
In this analysis it is assumed that all the H.V neutrals of the transformers are solidly earthed, as it 
is the present practice in NEC. See Appendix C. 
 
All types of fault currents in the 220 KV networks are far below the breaking capacities of the 
existing switchgear and the systems are effectively grounded. Kilo X represents the highest fault 
level for all non-grounded types of fault and the maximum fault level at Kilo X is 3.8 KA.  
Roseries represents the maximum for ground fault type with the value of 3.8KA (see Appendix 
C). 
 
The 110 KV busbar fault currents are still below the breaking capacity of the switchgear, but they 
are very close reach the breaking capacity. The highest fault level is at Khartoum North busbar, 
and it was found to be11.0 KA for a single line to ground fault (see Appendix D). The results of 
the fault calculation can be found in table (6.1.1.2)  
 
All types of fault currents at 33 KV Burri, Kuku and Khartoum North substations are higher than 
the breaking capacity of the existing switchgear Damage to the switchgear during faults is 
expected at these substations. Fault current calculation results can be found in table (6.1.1.3) 
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The fault currents of some important 11KV busbars were found to be very high, exceeding the 
capacity of the switchgear, but these fault currents can be controlled by earth limiting resistors. 
Calculated results for the 11 KV fault currents can be found in the table (6.1.1.4).  
 
1- 220 kV  Fault Levels: 
        
 
 
Fig.(6.1.1.1), shows a double line fault at 220KV levels by the aid of the program 
 
Table 6.1.1.1 shows 220KV fault levels 
 
Bus 
No. 
Substation 
220 kV 
Busbar 
Three-phase 
Fault in 
KA 
Single line to 
ground Fault in 
KA 
Double line to 
ground Fault in 
KA 
Line-line 
Fault in 
KA 
8 Roseries 3.1 3.8 3.7 2.6 
9 Sennar 2.6 3.0 2.9 2.2 
26 Maringan 2.7 2.9 2.9 2.3 
85 Giead 2.7 2.6 2.7 2.3 
97 Kilo X 3.2 3.6 3.5 2.8 
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2- 110 kV  Fault Level : 
 
 
(Fig. 6.1.1.2), shows the maximum fault level of the National Grid at 110KV Khartoum 
North Busbar, by the aid of the program. 
 
(Table 6.1.1.2  shows 110KV fault level) 
 
Bus 
No. 
Substation 
110 kV 
Busbar 
Three-phase 
Fault in 
KA 
Single line to 
ground Fault in 
KA 
Double line to 
ground Fault in 
KA 
Line-line 
Fault in 
KA 
12 Sennar 3.5 3.9 3.6 3.0 
17 Senn.PS 3.4 3.7 3.8 2.9 
13 Rabak 0.9 2.6 2.3 0.8 
19 Minasherief 1.3 1.4 1.2 1.1 
22 Hag Abdalla 2.5 2.2 2.3 2.1 
29 Maringan 3.5 4.5 4.7 3.0 
38 El-fao 1.3 1.2 1.1 2.7 
39 El-Gadarief 1.8 0.9 0.4 0.4 
41 Hasa-heisa 2.2 2.4 2.1 1.9 
86 Giad 3.9 4.1 3.9 3.4 
44 El-bagair 4.0 4.1 7.7 3.5 
48 Kilo X 9.6 9.7 9.4 6.8 
72 Kuku 9.2 10.1 10.2 7.9 
64 Khartoum N 9.5 11.0 10.8 8.1 
82 Mahadia 6.6 5.5 6.3 5.7 
61 Oumderman 6.1 5.2 5.8 5.2 
58 Forest 6.0 5.7 5.9 5.1 
55 Magirous 6.5 6.3 6.5 5.6 
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3- 33 kV  Fault Level: 
 
 
Fig. (6.1.1.3), shows the maximum fault level of the National Grid at 33KV Kuku S/S 
Busbar, by the aid of the program. 
 
(Table 6.1.1.3  shows 33KV fault levels) 
Bus 
No. 
Substation 
33 kV 
Busbar 
Three-phase 
Fault in 
KA 
Single line to 
ground Fault in 
KA 
Double line to 
ground Fault in 
KA 
Line-line 
Fault in 
KA 
10 Senn.Jn 4.4 6.6 7.6 3.8 
14 Rabak 1.9 2.9 2.3 1.3 
20 Minashrief 2.6 3.5 3.5 2.2 
24 Hagabdalla 2.2 2.1 2.5 1.9 
31 Maringan 7.3 9.6 9.4 6.3 
87 Giad 2.9 2.9 2.9 2.5 
103 Hasaheisa 2.7 3.7 3.7 2.4 
47 Bagair 3.2 4.3 4.2 2.8 
53 Kilo X 24.1 22.8 23.4 20.3 
102 Magrous 6.5 6.3 6.5 5.6 
60 Forest 6.0 5.7 5.9 5.1 
63 Oumderman 6.1 5.2 5.8 5.2 
110 Mahadiea 6.6 5.5 6.3 5.7 
69 Kh.North.PS 26.4 31.8 32.0 22.2 
73 Kuku 26.5 31.8 32.0 22.2 
75 Burri 26.5 32.4 32.2 22.4 
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3-Important 11 kV Substation Fault Levels:  
     
 
 
Fig. (6.1.1.4) shows the maximum single line to ground fault current in the National Grid at 
Kilo X S/S.   
 
(Table 6.1.1.4) shows 11KV fault levels 
 
 
Bus 
No. 
Substation 
11 kV 
Busbar 
Three-phase 
Fault in 
KA 
Single line to 
ground Fault in 
KA 
Double line to 
ground Fault in 
KA 
Line-line 
Fault in 
KA 
4 Hagabdalla 4.7 7.0 8.5 4.0 
18 SennPS 6.6 5.3 6.1 5.7 
15 Rabak 4.8 7.9 4.1 4.1 
89 Hasaheisa 7.6 5.3 6.6 6.3 
23 Maringan 7.3 9.6 9.4 6.6 
51 KiloX 25.6 38.0 44.3 22.0 
81 Burri 12.2 17.6 21.1 10.5 
109 Mahadia 12.3 17.0 18.2 10.6 
108 Ounderman 12.1 16.8 18.1 10.5 
106 Forest 12.1 16.7 18.2 10.4 
56 Magirous 12.3 17.0 18.2 10.6 
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6.1.2 Step 1 
 
As already mentioned the earth fault currents (line to ground and double line to ground) must be 
limited to reasonable values i.e less than 20 KA. We focus on this type of fault because the most 
common type fault is the earth fault (85% of the total faults occuring in the National Grid is the 
earth fault). 
 
After investigating the effect of different resistor sizes on the different substation transformers 33 
KV neutrals, it is found that a 7 ohm will be the optimum in the 33 KV system of Khartoum area. 
 
The fault currents calculated can be found in table (6.1.2.1) assuming that all 33 KV transformer 
neutrals of Khartoum area were earthed via7 ohm resistors. 
 
The resulting earth fault currents are limited to the values given in table (6.1.2.1), were only  high 
fault current substations were selected. 
 
(Table 6.1.2.1) shows results of earth fault currents with 7ohm resistor at transformers neutral of 
selected substations.  
 
Bus
bar 
No. 
Substation  
33KV bus-bar 
Single line to  ground 
fault current         KA 
Double line to ground 
fault current         KA 
55 Kilo X            before earthing 
                      After earthing 
27.1 
19.0 
26.5 
22.3 
75 Burri               before earthing 
                       After earthing 
32.4 
17.5 
32.2 
24.4 
73 Kuku              before earthing 
                       After earthing 
32.4 
17.5 
32.3 
24.4 
69 Khart.North   before earthing 
                      After earthing 
31.8 
17.2 
32.0 
24.3 
 
 
6.1.3 Step 2 
 
For further limitation of the earth fault type currents in the 33 KV substations (Burri, Kuku , 
Khartoum North and Kilo X), the 33KV line between KiloX and Burri (Physically known as 
Z105) is decoupled or isolated. 
 
The results of all type of faults are found in table (6.1.3), showing that a further limitation was 
obtained. 
 
However, the results also indicate also that further increase of generation capacity in Khartoum 
area will require rearrangement of the 33 KV sub transmission system topology between Burri 
substation and Kuku substation. 
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(Table 6.1.3) shows the results of fault current with neutral earthed in addition the 33KV link 
between Burri and KiloX is decoupled. 
 
Busbar 
No. 
Substation 
33KV bus-bar 
Three 
phase fault 
current in 
KA 
Single line 
to  ground 
fault current  
KA 
Double line 
to ground 
fault current  
KA 
Line to 
line fault 
current  
in KA 
75 Burri               before isolation 
                       After isolation 
24.1 
24.2 
32.4 
3.8 
32.2 
21.4 
20.3 
21.4 
73 Kuku              before isolation 
                       After isolation 
26.5 
24.3 
32.4 
3.8 
32.3 
21.4 
22.2 
20.4 
69 Khart.North     before isolation 
                      After isolation 
26.4 
9.5 
31.8 
11.8 
32.0 
10.7 
22.2 
8.1 
55 Kilo X           before isolation 
                     After isolation        
24.1 
6.3 
27.1 
7.6 
26.5 
7.4 
20.3 
7.4 
 
6.1.4 Step 3 
 
For further limitations of all types of fault currents in the 33 KV substations(Burri, Kuku, 
Khartoum North and KiloX), the two 33KV line between Khart. North and Kuku (Physically 
know as Z105 and Z205) were isolated. 
 
The results are presented in table (6.1.4). which shows that further limitation was obtained for all 
type of fault. 
 
However, the results indicate also that further increase of generation capacity in Khartoum area 
will require rearrangement of the 33 KV sub transmission system topology in both Khart. North 
and Kuku substations. 
 
(Table 6.1.4) 
 
Bus
bar 
No. 
Substation 
33KV bus-bar 
Three phase 
fault current 
in KA 
Single line to  
ground fault 
current         
KA 
Double line 
to ground 
fault current     
KA 
Line to 
line fault 
current  in 
KA 
75 Burri               before isolation
                       After isolation
26.5 
12.2 
32.4 
3.8 
32.2 
15.3 
20.3 
10.5 
73 Kuku              before isolation
                       After isolation
26.5 
12.2 
32.4 
0.9 
32.3 
10.7 
22.2 
10.5 
69 Khart.North     before isolation
                      After isolation
26.4 
9.5 
31.8 
11.0 
32.0 
10.7 
22.2 
8.1 
55 Kilo X             before isolation  
After isolation
24.1 
6.3 
27.1 
7.6 
26.5 
7.4 
20.3 
5.4 
 
Table( 6.1.4) shows further limitation of fault current by isolating the two links between Kuku 
and Khart. North. 
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Chapter 7 
 
 
Conclusions and Recommendations 
 
   
 
        The maximum short-circuit currents for all types of fault were calculated at all buses of the 
National Grid assuming that all generators are in service. 
 
The following is concluded: 
 
? Short-circuit calculations and load flows are the most necessary analysis studies to be 
performed as a prelude to load forecast and transmission and generation planning. These 
calculations serve as a basis for designing of all future projects. 
 
? The reporting of the short-circuit programme include the behaviour of the voltage profile 
during fault, thus an important factor can be calculated, which is known as earthing factor 
or earthing coefficient. This coefficient is very important in the design stage of all high 
voltage equipment that is directly related to earth system such as lightning arresters, 
overhead earth wires, power transformers(insulation grading) and this earthing factor can 
be defined as the ratio of healthy line to ground voltage to the line to line voltage, this 
should be calculated during earth fault and for effective earthing it should be less than 
0.8)  
 
? The present neutral point treatment of the unit and inter-bus transformers for 220/110 KV 
systems can be further retained. As the earthing factor is found to be less than 0.8. The 
215/110 KV inter-bus transformers have graded insulation and may have so also in future. 
The 110/33/11 KV step down transformers have partly full and partly graded insulation. 
New 110 KV transformers are recommended to be fully insulated to retain the flexibility 
of controlling ground faults by opening neutral transformer point if the fault level require 
so in future, especially at Khartoum area. 
 
? All types of fault currents in 220-110 KV systems are still less than the permissible 
capacities of the switchgear. 
 
? The fault currents calculation is an important factor for specifying the capacities of the 
switchgears, disconnectors, busbar ratings and circuit-breakers.   
 
? It is strongly recommendable for the present and future designs to specify circuit-breakers 
with the highest short-circuit current values not less than 31.5 KA for different voltage 
levels. 
 
? The current practice of NEC to earth the 110/33 KV  Y/Y transformer winding neutral 
points solidly but the 11 KV delta winding via current limiting earthing transformers and 
resistors can be further recommended. 
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? The ground fault currents in the 33 KV network of Khartoum area must be limited to less 
than 20 KA by adding resistors in the neutral points of the 33KV neutral sides of the 
transformers in Khartoum area if necessary. A number of trials using the programme to 
achieve an optimum value gave the value of 7 ohm. This value of resistance is strongly 
recommended for limitation of ground faults. 
 
? We observe from the study, that the maximum value of fault current is the earth fault 
current type, so, we should be very careful towards the measurement of the earth 
resistance and always it should be within the required value. 
 
? The three-phase short circuit currents in the 33 KV network of Khartoum area have 
reached the level of switchgear capacity. This limit is exceeded if the 33 KV systems are 
not operated as decoupled therefore interconnecting rings should be avoided as possible. 
 
? One of the important methods for reduction of fault currents is looking towards the 
topology of the busbars. By the aid of the programme it can be decided where to open the 
bus-section and where to close it. 
 
? The connection of new generation to 110-33 KV network must be avoided because fault 
currents at these levels reached the capacities of the switchgears. In future new generation 
should be connected directly to 220 KV.  
 
? This programme can be further utilised in the design and calculation of earthing resistors 
and earthing transformers for reducing the fault currents.. 
 
? This programme can be used in power transformer design; it can be one of the tools to 
calculate the voltage impedances for various transformation ratios, the required insulation 
class  and the withstandable fault currents, all these can be specified in the design stage   
 
? In future for further limitation of short-circuit currents, it is strongly recommended to use 
current limiting reactors, and the programme is very useful for calculation of the required 
reactance values of the current limiting reactors 
 
? When fault currents are calculated, the flow of current can be used to explain the 
behaviour of the system during faults or disturbance in the network, so it is very useful in 
fault location, additional feature that can be deduce from the program is that it shows the 
transfer of fault through the connection of the transformer i.e earth fault current through 
Y-D of the transformer appear as line to line current, etc….. 
 
? The fault current calculated by the programme, can be used in protection schemes design, 
such as: 
 
o  Overcurrent and earth fault protection schemes, the fault current is an important 
value required for current- time grading calculation. 
 
o For instantaneous overcurrent and earth fault current protection it is very important 
the value of the fault current for the setting of the relays. 
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o Busbar protection relay, so, the busbar relay is set by the primary fault current and 
this primary current need information about the maximum fault current. 
 
o Restricted earth fault relay, the current range of relay operation is designed by the 
maximum fault current.   
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Appendix B 
 
 
 
Writing an Z-Bus building Program in Visual Basic 
 
A program was coded in Visual Basic for performing Z-bus  building. The Z-bus 
formulation of the sequence networks constitutes the core of preparation for fault 
analysis. For a complete list of the program code. 
 
Start a new project 
 
Add an MDI form (“MDIFault”) add the following  menu items 
Main Menu File with submenus New, Open, Save and End (name them menuNew, 
menuOpen, …..etc) 
Main Menu Edit with submenus Busbars, Lines, and Transformers 
Add a Common Dialog Control and name it Cdiag. 
Add a module and type in it the following 
 
Type busbar 
 busnum As Integer 
 busname As String 
 bustype As String 
End Type 
 
Type line 
 start As Integer 
 end As Integer 
 R0 As Single 
 R1 As Single 
 R2 As Single 
 X0 As Single 
 X1 As Single 
 X2 As Single 
 Y0 As Single 
 Y1 As Single 
 Y2 As Single 
End Type 
 
Type transformer 
 primary As Integer 
 secondary As Integer 
 X0 As Single 
 X1 As Single 
 X2 As Single 
End Type 
 
Global nBusbars As Integer, nLines As Integer, nTrans As Integer 
Global bus() As busbar, tline() As line, trans() As transformer 
 
In the MDI form type the following code in its events 
 
Private Sub MDIForm_Load() 
menuEdit.Enabled = False 
End Sub 
 
Private Sub menuBusbars_Click() 
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Form1.Show 
End Sub 
 
Private Sub menuExit_Click() 
End 
End Sub 
 
Private Sub menuLines_Click() 
Form2.Show 
End Sub 
 
Private Sub menuNew_Click() 
menuEdit.Enabled = True 
End Sub 
 
Private Sub menuOpen_Click() 
 
Dim linestr As String 
Cdiag.DialogTitle = "Open Fault Study File" 
Cdiag.Filter = "Fault Study Files (*.flt)|*.flt" 
Cdiag.ShowOpen 
Open Cdiag.filename For Input As #1 
Line Input #1, linestr 
Line Input #1, linestr 
i = 0 
Do While Not linestr = "Line Data" 
    i = i + 1 
    ReDim Preserve bus(i) 
    bus(i).busnum = Val(Mid(linestr, 1, 3)) 
    bus(i).busname = Mid(linestr, 5, 15) 
    bus(i).bustype = Mid(linestr, 21, 2) 
    Line Input #1, linestr 
Loop 
nBusbars = i 
Line Input #1, linestr 
i = 0 
Do While Not linestr = "Transformer Data" 
    i = i + 1 
    ReDim Preserve tline(i) 
    tline(i).start = Val(Mid(linestr, 1, 3)) 
    tline(i).end = Val(Mid(linestr, 5, 3)) 
    tline(i).R0 = Val(Mid(linestr, 9, 5)) 
    tline(i).R1 = Val(Mid(linestr, 15, 5)) 
    tline(i).R2 = Val(Mid(linestr, 21, 5)) 
    tline(i).X0 = Val(Mid(linestr, 27, 5)) 
    tline(i).X1 = Val(Mid(linestr, 33, 5)) 
    tline(i).X2 = Val(Mid(linestr, 39, 5)) 
    tline(i).Y0 = Val(Mid(linestr, 45, 5)) 
    tline(i).Y1 = Val(Mid(linestr, 51, 5)) 
    tline(i).Y2 = Val(Mid(linestr, 57, 5)) 
 
    Line Input #1, linestr 
Loop 
nLines = i 
Line Input #1, linestr 
i = 0 
Do While Not EOF(1) And linestr <> "EOD" 
    i = i + 1 
    ReDim Preserve trans(i) 
    trans(i).primary = Val(Mid(linestr, 1, 3)) 
    trans(i).secondary = Val(Mid(linestr, 5, 3)) 
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    trans(i).X0 = Val(Mid(linestr, 9, 5)) 
    trans(i).X1 = Val(Mid(linestr, 15, 5)) 
    trans(i).X2 = Val(Mid(linestr, 21, 5)) 
    Line Input #1, linestr 
Loop 
nTrans = i 
menuEdit.Enabled = True 
close #1 
End Sub 
 
Private Sub menuSave_Click() 
 
Cdiag.DialogTitle = "Save File" 
Cdiag.Filter = "Fault Study Files (*.flt)|*.flt" 
Cdiag.ShowSave 
Open Cdiag.filename For Output As #1 
Print #1, "Busbar Data" 
For i = 1 To nBusbars 
Print #1, Format(bus(i).busnum, "000"); " "; _ 
          Format(bus(i).busname, "!@@@@@@@@@@@@@@@"); " "; _ 
          Format(bus(i).bustype, "@@") 
Next i 
Print #1, "Line Data" 
For i = 1 To nLines 
Print #1, Format(tline(i).start, "000"); " "; _ 
          Format(tline(i).end, "000"); " "; _ 
          Format(tline(i).R0, "0.000"); " "; _ 
          Format(tline(i).R1, "0.000"); " "; _ 
          Format(tline(i).R2, "0.000"); " "; _ 
          Format(tline(i).X0, "0.000"); " "; _ 
          Format(tline(i).X1, "0.000"); " "; _ 
          Format(tline(i).X2, "0.000"); " "; _ 
          Format(tline(i).Y0, "0.000"); " "; _ 
          Format(tline(i).Y1, "0.000"); " "; _ 
          Format(tline(i).Y2, "0.000")  
Next i 
Print #1, "Transformer Data" 
For i = 1 To nTrans 
Print #1, Format(trans(i).primary, "000"); " "; _ 
          Format(trans(i).secondary, "000"); " "; _ 
          Format(trans(i).X0, "0.000"); " "; _ 
          Format(trans(i).X1, "0.000"); " "; _ 
    Format(trans(i).X1, "0.000") 
 
Next i 
Print #1, "EOD" 
 
Close #1 
 
End Sub 
 
Private Sub menuTransformers_Click() 
Form3.Show 
End Sub 
 
 
Now add three forms ; one for Busbar data, one for Line data and one for Transformer 
data. 
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In form1 (the Busbar form) place three text boxes, and three labels captioned "Bus 
Number", "Bus Name" and "Bus Type". 
Also add three command buttons with captions "Next", "Previous" and "Close" 
 
Type the following in its events 
 
Private Sub Command1_Click() 
Dim response As Integer 
i = i + 1 
If i > nBusbars Then 
    response = MsgBox("Add new Busbar?", vbYesNo) 
    If response = vbYes Then 
     ReDim Preserve bus(i) 
     nBusbars = i 
    Else 
 i = i - 1 
    End If 
End If 
Text1.Text = i 
 
End Sub 
 
Private Sub Command2_Click() 
i = i - 1 
If i = 0 Then i = 1 
Text1.Text = i 
End Sub 
 
Private Sub Command3_Click() 
Form1.Hide 
End Sub 
 
Private Sub Form_Activate() 
  Dim response As Integer 
  If nBusbars = 0 Then 
    response = MsgBox("No Busbars - Add New Busbar?", vbYesNo) 
    If response = vbYes Then 
    ReDim Preserve bus(1) 
    nBusbars = 1 
    Else 
    Form1.Hide 
    End If 
  Else 
  i = 1 
  Text1.Text = i 
  End If 
 
End Sub 
 
Private Sub Text1_Change() 
    bus(Val(Text1.Text)).busnum = Val(Text1.Text) 
    Text2.Text = bus(Val(Text1.Text)).busname 
    Text3.Text = bus(Val(Text1.Text)).bustype 
End Sub 
 
Private Sub Text2_Change() 
  bus(Val(Text1.Text)).busname = Text2.Text 
End Sub 
 
Private Sub Text3_Change() 
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  bus(Val(Text1.Text)).bustype = Text3.Text 
End Sub 
 
Similarly in form2 (the Lines form) make the text boxes and Labels twelve with the 
following captions; "Line No", "Line Start", "Line End", "R0",  "R1", "R2",  "X0", 
"X1", "X2", "Y0", "Y1" and "Y2". 
 
Write the following code in the events of form2: 
 
Private Sub Command1_Click() 
Dim response As Integer 
i = i + 1 
If i > nLines Then 
    response = MsgBox("Add new Line?", vbYesNo) 
    If response = vbYes Then 
     ReDim Preserve tline(i) 
     nLines = i 
    Else 
 i = i - 1 
    End If 
End If 
Text1.Text = i 
 
End Sub 
 
Private Sub Command2_Click() 
i = i - 1 
If i = 0 Then i = 1 
Text1.Text = i 
End Sub 
 
Private Sub Command3_Click() 
Form2.Hide 
End Sub 
 
Private Sub Form_Activate() 
  Dim response As Integer 
  If nlines = 0 Then 
    response = MsgBox("No Lines - Add New Line?", vbYesNo) 
    If response = vbYes Then 
    ReDim Preserve tline(1) 
    nLines = 1 
    Else 
    Form2.Hide 
    End If 
  Else 
  i = 1 
  Text1.Text = i 
  End If 
 
End Sub 
 
 
Private Sub Text1_Change() 
    Text2.Text = tline(Val(Text1.Text)).start 
    Text3.Text = tline(Val(Text1.Text)).end 
    Text4.Text = tline(Val(Text1.Text)).R0 
    Text5.Text = tline(Val(Text1.Text)).R1 
    Text6.Text = tline(Val(Text1.Text)).R2 
    Text7.Text = tline(Val(Text1.Text)).X0 
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    Text8.Text = tline(Val(Text1.Text)).X1 
    Text9.Text = tline(Val(Text1.Text)).X2 
    Text10.Text = tline(Val(Text1.Text)).Y0 
    Text11.Text = tline(Val(Text1.Text)).Y1 
    Text12.Text = tline(Val(Text1.Text)).Y2 
 
End Sub 
 
 
Private Sub Text2_Change() 
tline(Val(Text1.Text)).start = Val(Text2.Text) 
End Sub 
 
Private Sub Text3_Change() 
tline(Val(Text1.Text)).end = Val(Text3.Text) 
End Sub 
 
Private Sub Text4_Change() 
tline(Val(Text1.Text)).R0 = Val(Text4.Text) 
End Sub 
 
Private Sub Text5_Change() 
tline(Val(Text1.Text)).R1 = Val(Text5.Text) 
End Sub 
 
Private Sub Text6_Change() 
tline(Val(Text1.Text)).R2 = Val(Text6.Text) 
End Sub 
 
Private Sub Text7_Change() 
tline(Val(Text1.Text)).X0 = Val(Text7.Text) 
End Sub 
 
Private Sub Text8_Change() 
tline(Val(Text1.Text)).X1 = Val(Text8.Text) 
End Sub 
 
Private Sub Text9_Change() 
tline(Val(Text1.Text)).X2 = Val(Text9.Text) 
End Sub 
 
Private Sub Text10_Change() 
tline(Val(Text1.Text)).Y0 = Val(Text10.Text) 
End Sub 
 
Private Sub Text11_Change() 
tline(Val(Text1.Text)).Y1 = Val(Text11.Text) 
End Sub 
 
Private Sub Text12_Change() 
tline(Val(Text1.Text)).Y2 = Val(Text12.Text) 
End Sub 
 
 
And finally for the transformer form (form3) the text boxes and labels are six with 
captions 
"Transformer No", "Primary", "Secondary", "X0" , "X1" and "X2" 
 
Write the following code in  events of  form3: 
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Private Sub Command1_Click() 
Dim response As Integer 
i = i + 1 
If i > nTrans Then 
    response = MsgBox("Add new transformer?", vbYesNo) 
    If response = vbYes Then 
     ReDim Preserve trans(i) 
     nTrans = i 
    Else 
    i = i - 1 
    End If 
End If 
Text1.Text = i 
 
End Sub 
 
Private Sub Command2_Click() 
i = i - 1 
If i = 0 Then i = 1 
Text1.Text = i 
End Sub 
 
Private Sub Command3_Click() 
Form3.Hide 
End Sub 
 
Private Sub Form_Activate() 
  Dim response As Integer 
  If nTrans = 0 Then 
    response = MsgBox("No Transformers - Add New Transformer?", 
vbYesNo) 
    If response = vbYes Then 
    ReDim Preserve trans(1) 
    nTrans = 1 
    Else 
    Form3.Hide 
    End If 
  Else 
  i = 1 
  Text1.Text = i 
  End If 
 
End Sub 
 
Private Sub Text1_Change() 
    Text2.Text = trans(Val(Text1.Text)).primary 
    Text3.Text = trans(Val(Text1.Text)).secondary 
    Text4.Text = trans(Val(Text1.Text)).X0 
    Text5.Text = trans(Val(Text1.Text)).X1 
    Text6.Text = trans(Val(Text1.Text)).X2 
End Sub 
 
Private Sub Text2_Change() 
trans(Val(Text1.Text)).primary = Val(Text2.Text) 
End Sub 
 
Private Sub Text3_Change() 
trans(Val(Text1.Text)).secondary = Val(Text3.Text) 
End Sub 
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Private Sub Text4_Change() 
trans(Val(Text1.Text)).X0 = Val(Text4.Text) 
End Sub 
 
Private Sub Text5_Change() 
trans(Val(Text1.Text)).X1 = Val(Text5.Text) 
End Sub 
 
Private Sub Text6_Change() 
trans(Val(Text1.Text)).X2 = Val(Text6.Text) 
End Sub 
 
Add the type Generators to the main module 
 
Type generator 
 busnum As Integer 
 X0 As Single 
 X1 As Single 
 X2 As Single 
 Rg As Single 
 Xg As Single 
End Type 
 
And to the transformer type add the following property 
 
 Connection As string*4 
 
Add generator declaration to global variables 
 
Global gen()as generator 
Global nGens as integer 
 
Now add a generator form (form4) with seven text boxes and labels  
"Gen No", "Busbar",  "X0" , "X1" , "X2", "Rg" and "Xg". 
 
Write the following code in  events of  form3: 
 
Private Sub Command1_Click() 
Dim response As Integer 
i = i + 1 
If i > nGens Then 
    response = MsgBox("Add new Generator?", vbYesNo) 
    If response = vbYes Then 
     ReDim Preserve gen(i) 
     nGens = i 
Else 
    i = i - 1 
    End If 
End If 
Text1.Text = i 
 
End Sub 
 
Private Sub Command2_Click() 
i = i - 1 
If i = 0 Then i = 1 
Text1.Text = i 
End Sub 
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Private Sub Command3_Click() 
Form4.Hide 
End Sub 
 
Private Sub Form_Activate() 
  Dim response As Integer 
  If nGens = 0 Then 
    response = MsgBox("No Generators - Add New Generator?", vbYesNo) 
    If response = vbYes Then 
    ReDim Preserve gen(1) 
    nGens = 1 
    i=1 
    Else 
    Form4.Hide 
    End If 
  Else 
  i = 1 
  Text1.Text = i 
  End If 
 
End Sub 
 
Private Sub Text1_Change() 
    Text2.Text = gen(Val(Text1.Text)).busnum 
    Text3.Text = gen(Val(Text1.Text)).X0 
    Text4.Text = gen(Val(Text1.Text)).X1 
    Text5.Text = gen(Val(Text1.Text)).X2 
    Text6.Text = gen(Val(Text1.Text)).Rg 
    Text7.Text = gen(Val(Text1.Text)).Xg 
 
End Sub 
 
Private Sub Text2_Change() 
gen(Val(Text1.Text)).busnum = Val(Text2.Text) 
End Sub 
 
Private Sub Text3_Change() 
gen(Val(Text1.Text)).X0 = Val(Text3.Text) 
End Sub 
 
Private Sub Text4_Change() 
gen(Val(Text1.Text)).X1 = Val(Text4.Text) 
End Sub 
 
Private Sub Text5_Change() 
gen(Val(Text1.Text)).X2 = Val(Text5.Text) 
End Sub 
 
Private Sub Text6_Change() 
gen(Val(Text1.Text)).Rg = Val(Text6.Text) 
End Sub 
 
Private Sub Text7_Change() 
gen(Val(Text1.Text)).Xg = Val(Text7.Text) 
End Sub 
 
Add to the transformers form (form3) texbox and label no seven with the caption 
"Connection" 
Private Sub Text7_Change() 
trans(Val(Text1.Text)).connection = Val(Text7.Text) 
End Sub 
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The program should now enable you to edit , save and retrieve system data of  
busbars, lines transformers and generators. 
 
Now add a new module with the name Complex and type in it the following 
 
Type complex 
    real As Single 
    imag As Single 
End Type 
Const Pi = 3.14159265359 
Global a As complex 
Global Unit As complex 
Global T(3, 3) As complex 
Global Tt(3, 3) As complex 
Global FaultBus As Integer 
Global FaultType As Integer 
Global FaultImpedance As Single 
Public Function mult(aa As complex, bb As complex) As complex 
    mult.real = aa.real * bb.real - aa.imag * bb.imag 
    mult.imag = aa.real * bb.imag + aa.imag * bb.real 
End Function 
 
 
Public Function modulus(aa As complex) As Single 
modulus = Sqr((aa.real) ^ 2 + (aa.imag) ^ 2) 
End Function 
 
Public Function angle(aa As complex) As Single 
    If aa.real = 0 Then aa.real = 0.0000000001 
    angle = 180 / Pi * Atn(aa.imag / aa.real) + 90 * (1 - 
Sgn(aa.real)) 
End Function 
 
Public Function add(aa As complex, bb As complex) As complex 
    add.real = aa.real + bb.real 
    add.imag = aa.imag + bb.imag 
End Function 
 
 
Public Function subt(aa As complex, bb As complex) As complex 
    subt.real = aa.real - bb.real 
    subt.imag = aa.imag - bb.imag 
End Function 
 
 
 
Public Function div(aa As complex, bb As complex) As complex 
    Dim bsquare As Single 
    bsquare = (bb.real) ^ 2 + (bb.imag) ^ 2 
    div.real = (aa.real * bb.real + aa.imag * bb.imag) / bsquare 
    div.imag = (-aa.real * bb.imag + aa.imag * bb.real) / bsquare 
End Function 
 
 
Public Sub CMatMult(aa() As complex, bb() As complex, cc() As 
complex) 
    Dim n1 As Integer, n2 As Integer, n3 As Integer 
    Dim i As Integer, j As Integer, k As Integer 
    n1 = UBound(aa, 1) 
    n2 = UBound(aa, 2) 
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    n3 = UBound(bb, 2) 
    ReDim cc(n1, n3) 
    For i = 1 To n1 
        For j = 1 To n3 
            For k = 1 To n2 
                cc(i, j) = add(cc(i, j), mult(aa(i, k), bb(k, j))) 
            Next k 
        Next j 
    Next i 
End Sub 
 
Public Sub CMatTrans(aa() As complex, bb() As complex) 
Dim i As Integer, j As Integer, n1 As Integer, n2 As Integer 
n1 = UBound(aa, 1) 
n2 = UBound(aa, 2) 
ReDim bb(n2, n1) 
For i = 1 To n1 
  For j = 1 To n2 
    bb(j, i).real = aa(i, j).real 
    bb(j, i).imag = -aa(i, j).imag 
  Next j 
Next i 
End Sub 
 
 
Public Function neg(aa As complex) As complex 
    neg.real = -aa.real 
    neg.imag = -aa.imag 
End Function 
 
Add the MDI file the Main menu Analysis and sub-menu Build Zbus : 
 
Type in it the following 
 
Dim busname() As String 
Dim i%, j%, k%, n%  
Dim e_start() As Integer, e_end() As Integer, e_start0() As Integer, 
e_end0() As Integer 
Dim Zl0() As complex, Zl1() As complex, Zl2() As complex 
Dim Z0() As complex, Z1() As complex, Z2() As complex 
Dim I0 As complex, I1 As complex, I2 As complex 
Dim Ia As complex, Ib As complex, Ic As complex 
Dim V0() As complex, V1() As complex, V2() As complex 
Dim Va() As complex, Vb() As complex, Vc() As complex 
Dim e As complex, Zf As complex 
Dim nElem as integer 
 
Screen.MousePointer = 11 
 
a.real = -0.5 
a.imag = Sqr(3) / 2 
 
'  ================= Redimension Arrays ============== 
    
   ReDim Z0(nbusbars, nbusbars), Z1(nbusbars, nbusbars), Z2(nbusbars, 
nbusbars) 
   ReDim V0(nbusbars), V1(nbusbars), V2(nbusbars) 
   ReDim Va(nbusbars), Vb(nbusbars), Vc(nbusbars) 
   nElem = nLines+nTrans+nGens 
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   Redim e_start(nElem), e_end(nElem), e_start0(nElem), e_end0(nElem   
' ================ Read Generator Data ================ 
 j=1 
for i=1 to ngens 
      e_start(j) = 0 
      e_end(j) = gen(i).busnum 
      e_start0(j) = 0 
      e_end0(j) = gen(i).busnum 
      Zl0(j).real = 3*gen(i).Rg 
      Zl0(j).imag = gen(i).X0 + 3 * gen(i).Xg 
      Zl1(j).real = 0 
      Zl1(j).imag = gen(i).X1 
      Zl2(j).real = 0 
      Zl2(j).imag = gen(i).X2 
j=j+1 
Next i 
 
' ===============  Read Line Data =================== 
   
for i =1 to nLines 
      e_start(j) = tline(i).start 
      e_end(j) = tline(i).end 
      e_start0(j) = tline(i).start 
      e_end0(j) = tline(i).end 
      Zl0(j).real = tline(i).R0 
      Zl0(j).imag = tline(i).X0 
Zl1(j).real = tline(i).R1 
Zl1(j).imag = tline(i).X1 
      Zl2(j).real = tline(i).R2 
      Zl2(j).imag = tline(i).X2 
 j=j+1 
      Next i 
 
' ================= Read Transformer data ============ 
   
for i=1 to nTrans 
      e_start(j) = trans(i).primary 
      e_end(j) = trans(i).secondary 
      e_start0(j) = trans(i).primary 
      e_end0(j) = trans(i).secondary 
      Zl0(j).real = 0 
      Zl0(j).imag = trans(i).X0 
      Zl1(j).real = 0 
      Zl1(j).imag = trans(i).X1 
      Zl2(j).real = 0 
      Zl2(j).imag = trans(i).X2 
      Select Case trans(i).connection 
      Case "YgYg" 
      Case "YgD": e_end0(j) = 0 
      Case "DYg": e_start0(j) = 0 
      Case Else: Zl0(j).imag = 10000000000# 
      End Select 
 j=j+1 
Next i 
 
' === Construct Positive, Negative and Zero Sequence ZBUS Matrix ==== 
 
  Call Build_Zbus(Z1, Zl1, e_start, e_end) 
   
 Call Build_Zbus(Z0, Zl0, e_start0, e_end0) 
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Now use Tools to Add a private procedure and name it 'Build_Zbus'. 
Type in it the following: 
 
Private Sub Build_Zbus(Zbus() As complex, Zl() As complex, e_start() 
As Integer, e_end() As Integer) 
 
Dim num As Integer, last As Integer, m As Integer, k As Integer, i As 
Integer, j As Integer, l As Integer 
 
last = 0 
m = UBound(Zl) 
num = UBound(Zbus, 1) 
 
Call SortZl(Zl, e_start, e_end, num) 
 
For i = 1 To m 
  If e_start(i) = 0 Then 
      If e_end(i) > last Then 
        Call Type1(Zbus, Zl(i), last) 
        last = last + 1 
      Else 
        Call Type3(Zbus, Zl(i), e_end(i), last) 
      End If 
  Else 
      If e_end(i) > last Then 
         Call Type2(Zbus, Zl(i), e_start(i), last) 
         last = last + 1 
      Else 
        Call Type4(Zbus, Zl(i), e_start(i), e_end(i), last) 
      End If 
 End If 
 
Next i 
 
 
End Sub 
 
Add another procedure with the name 'Sort_Zl' and type in it: 
Private Sub SortZl(elem() As complex, e_s() As Integer, e_e() As 
Integer, n As Integer) 
 
Dim ztemp As complex, i As Integer, j As Integer, s As Integer, e As 
Integer 
 
m = UBound(elem) 
 
For j = 1 To m 
  If e_s(j) > e_e(j) Then 
    s = e_s(j) 
    e_s(j) = e_e(j) 
    e_e(j) = s 
  End If 
Next j 
   
For i = 1 To n 
For j = i To m 
  If e_e(j) = i Then 
    ztemp = elem(i) 
    s = e_s(i) 
    e = e_e(i) 
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    elem(i) = elem(j) 
    e_s(i) = e_s(j) 
    e_e(i) = e_e(j) 
    elem(j) = ztemp 
    e_s(j) = s 
    e_e(j) = e 
    Exit For 
  End If 
Next j 
Next i 
  
End Sub 
 
Add the procedures Type1, Type2, Type3 and Type4 and type in each 
 
Private Sub Type1(z() As complex, Zelem As complex, n As Integer) 
    
    z(n + 1, n + 1) = Zelem 
     
End Sub 
 
 
Private Sub Type2(z() As complex, Zelem As complex, j As Integer, n 
As Integer) 
     
    Dim k As Integer 
    For k = 1 To n 
      z(k, n + 1) = z(k, j) 
      z(n + 1, k) = z(j, k) 
    Next k 
    z(n + 1, n + 1) = add(z(j, j), Zelem) 
     
End Sub 
 
 
Private Sub Type3(z() As complex, Zelem As complex, j As Integer, n 
As Integer) 
     
    Dim i As Integer, k As Integer 
    Dim colrow() As complex, denom As complex 
    ReDim colrow(n, n) 
    denom = add(z(j, j), Zelem) 
    For i = 1 To n 
    For k = 1 To n 
      colrow(i, k) = div(mult(z(i, j), z(j, k)), denom) 
    Next k 
    Next i 
     
    For i = 1 To n 
    For k = 1 To n 
      z(i, k) = subt(z(i, k), colrow(i, k)) 
    Next k 
    Next i 
 
End Sub 
 
 
Private Sub Type4(z() As complex, Zelem As complex, i As Integer, j 
As Integer, n As Integer) 
    Dim k As Integer, r As Integer 
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    Dim colrow() As complex, denom As complex, x1 As complex, x2 As 
complex 
    ReDim colrow(n, n) 
    denom = add(subt(add(z(i, i), z(j, j)), add(z(i, j), z(j, i))), 
Zelem) 
    For r = 1 To n 
         x1 = subt(z(r, i), z(r, j)) 
    For k = 1 To n 
         x2 = subt(z(i, k), z(j, k)) 
         colrow(r, k) = div(mult(x1, x2), denom) 
    Next k 
    Next r 
     
    For r = 1 To n 
    For k = 1 To n 
      z(r, k) = subt(z(r, k), colrow(r, k)) 
    Next k 
    Next r 
 
End Sub 
 
In order to see if the impedance matrices have been correctly built place the following 
code at the end of the menuBuildZbus procedure 
 
    lstring = "Positive Sequence Matrix" + Chr(13) + Chr(10) 
    For i = 1 To nBusbars 
    For j = 1 To nBusbars 
    lstring =lstring + Format(Format(Z1(i, j).real,"##0.000"), "@@@@@@@")+ _ 
    "   "+ Format(Format(Z1(i, j).imag,"##0.000"),"@@@@@@@")+ "        " 
    Next j 
    lstring = lstring + Chr(13) + Chr(10) 
    Next i 
    lstring = lstring + Chr(13) + Chr(10) 
    lstring=lstring + "Zero Sequence Matrix" + Chr(13) + Chr(10) 
    For i = 1 To nBusbars 
    For j = 1 To nBusbars 
    lstring =lstring + Format(Format(Z0(i, j).real,94"##0.000"), "@@@@@@@")+ 
_ 
    "   "+ Format(Format(Z0(i, j).imag,"##0.000"),"@@@@@@@")+ "        " 
    Next j 
    lstring = lstring + Chr(13) + Chr(10) 
    Next i 
    frmZmatrix.Show 
     
Now add a form with the name 'frmZmatrix' and place a large textbox in it. Set the 
Multiline property to True and the Scrollbars to 3 - Both. Also add a Control Button 
with the caption Close 
Now type the following in the Form Activate Event 
Private Sub Form_Activate() 
   Text1.Text = lstring 
End Sub 
 
In the Command Button (Close) Click event type: 
 
Private Sub Command1_Click() 
  frmZmatrix.Hide 
End Sub 
 
In the main module add the following line 
 
Global lstring As String 
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Example 
 
You may now enter the data for the following five bus system 
 
 
 
 
 
 
 
 
 
The data is as follows (All values in p.u.) 
 
Generators 
 
Name Buscode X1 X2 X0 Xg 
G1 1 0.2 0.2 0.05 0.03 
G2 5 0.2 0.2 0.05 0.03 
Lines 
 
Name Buscode1 Buscode2 R1 X1 R2 X2 R0 X0 
TL23 2 3 0 0.1 0 0.1 0 0.3 
TL34 3 4 0 0.1 0 0.1 0 0.3 
TL24 2 4 0 0.1 0 0.1 0 0.3 
 
Transformers 
 
Name Buscode1 Buscode2 X1 X2 X0 Connection 
T1 1 2 0.05 0.05 0.05 YgYg 
T2 3 5 0.05 0.05 0.05 YgD 
 
The Sequence Impedance Matrix results should be as follows 
 
Positive Sequence Matrix 
  0.000  0.129      0.000  0.112      0.000  0.088      0.000  0.100      0.000    
0.071         
  0.000  0.112      0.000  0.140      0.000  0.110      0.000  0.125      0.000    
0.088         
  0.000  0.088      0.000  0.110      0.000  0.140      0.000  0.125      0.000    
0.112         
  0.000  0.100      0.000  0.125      0.000  0.125      0.000  0.175      0.000    
0.100         
  0.000  0.071      0.000  0.088      0.000  0.112      0.000  0.100      0.000    
0.129         
 
Zero Sequence Matrix 
  0.000  0.095      0.000  0.080      0.000  0.016      0.000  0.048      0.000    
0.000         
  0.000  0.080      0.000  0.108      0.000  0.022      0.000  0.065      0.000    
0.000         
  0.000  0.016      0.000  0.022      0.000  0.044      0.000  0.033      0.000    
0.000         
  0.000  0.048      0.000  0.065      0.000  0.033      0.000  0.199      0.000    
0.000         
  0.000  0.000      0.000  0.000      0.000  0.000      0.000  0.000      0.000    
0.140  
 
2 3 
4 
1 5 TL23 
TL34 TL24 
T2 T1 G1 G2 
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The logic of the above program requires that the first element be connected between 
reference bus 0 and bus 1. The remaining ordering is not important since the Zl_Sort 
procedure sorts the impedance elements in a consecutive ascending order from bus 1 
to the last bus n . Since it is possible in some situations that an element connected 
between bus 0 and 1 does not exist, some means of overcoming this problem must be 
devised. A small trick is incorporated; make the total number of elements greater by 
two, add a fictitious element between bus 0 and 1 before other elements and set its 
real impedance to zero and imaginary impedance to 1. Then add another fictitious 
element at the end of the other elements also between bus 0 and 1. Set its real 
impedance to zero and imaginary impedance to -1. The effect is to exactly cancel the 
first impedance. To implement this in the menuBuildZbus program change the 
nElem statement to  
 
nElem = nLines + nTrans + nGens + 2 
and type just before the line j=1 the following. 
e_start(1) = 0 
e_end(1) = 1 
Zl1(1).real = 0 
Zl1(1).imag = 1 
Zl2(1).real = 0 
Zl2(1).imag = 1 
e_start0(1) = 0 
e_end0(1) = 1 
Zl0(1).real = 0 
Zl0(1).imag = 1 
 
Change the line j = 1  to  j = 2 . At  the end of reading all the elements and just 
before the calls to Build_Zbus  type the following 
e_start(j) = 0 
e_end(j) = 1 
Zl1(j).real = 0 
Zl1(j).imag = -1 
Zl2(j).real = 0 
Zl2(j).imag = -1 
e_start0(j) = 0 
e_end0(j) = 1 
Zl0(j).real = 0 
Zl0(j).imag = -1 
 
 
Now the program was tested with the same previous five bus system but with the 
ordering of the busbars changed to the same values found in the original example 
[Power System Analysis, Charles Gross, JOHN WILEY & SONS, Second Edition, page 337] 
 
 
 
 
 
 
 
 
1 2 
3 
4 5 TL12 
TL23 TL13 
T2 T1 G1 G2 
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Appendix C 
 
Programming the Fault analysis 
 
Now we may continue the code in the sub menu Build Zbus to calculate the system 
faults.  
At the start of the Build_Zbus Click Event add: 
 
Dim FaultBus As Integer,  FaultType As Integer 
 
And, type the following at the end of  Build_Zbus Click event 
 
 
'============== Set Generator e.m.f's  
 
        e.real = 1 
        e.imag = 0 
       
' ================ Set Fault Impedance ================ 
 
      Zf.real = 0 
      Zf.imag = InputBox("Enter Fault Impedance in p.u. : ") 
 
' ================ Select Fault bus ========== 
 
FaultBus = InputBox("Enter Fault Bus: ") 
 
FaultType = InputBox("Enter Fault Type:" + Chr(13) + Chr(10) + _ 
               Chr(13) + Chr(10) + _ 
             "(1) Three Phase" + Chr(13) + Chr(10) + _ 
             "(2) Single Line to Ground" + Chr(13) + Chr(10) + _ 
             "(3) Line to Line" + Chr(13) + Chr(10) + _ 
             "(4) Double Line to Ground") 
 
' === Construct Positive, Negative and Zero Sequence ZBUS Matrix ==== 
 
  Call Build_Zbus(Z1, Zl1, e_start, e_end) 
   
 
If FaultType > 1 Then 
 
  Call Build_Zbus(Z2, Zl2, e_start, e_end) 
 
  Call Build_Zbus(Z0, Zl0, e_start0, e_end0) 
   
End If 
   
' ====== Calculate Fault Currents and Voltages ==== 
 
If FaultType = 1 Then 
 
  i = FaultBus 
   
  I1 = div(e, add(Zf, Z1(i, i))) 
  Ia = I1 
  Ib = mult(Ia, mult(a, a)): Ic = mult(Ia, a) 
   
  For j = 1 To nbusbars 
    V1(j) = subt(e, mult(Z1(i, j), I1)) 
    Va(j) = V1(j) 
    Vb(j) = mult(Va(j), mult(a, a)): Vc(j) = mult(Va(j), a) 
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  Next j 
   
ElseIf FaultType = 2 Then 
   
  i = FaultBus 
  Zf.real = 3 * Zf.real 
  Zf.imag = 3 * Zf.imag 
   
  I0 = div(e, add(add(Zf, Z0(i, i)), add(Z1(i, i), Z2(i, i)))) 
  I1 = I0: I2 = I0 
  Ia = add(add(I1, I2), I0) 
  Ib.real = 0: Ib.imag = 0 
  Ic = Ib 
   
  For j = 1 To nbusbars 
      V0(j) = neg(mult(Z0(j, i), I0)) 
        
      V1(j) = subt(e, mult(Z1(j, i), I1)) 
   
      V2(j) = neg(mult(Z2(j, i), I2)) 
       
      Va(j) = add(add(V1(j), V2(j)), V0(j)) 
       
      Vb(j) = add(add(V0(j), mult(V1(j), mult(a, a))), mult(V2(j), a)) 
       
      Vc(j) = add(add(V0(j), mult(V1(j), a)), mult(V2(j), mult(a, a))) 
       
  Next j 
   
End If 
 
'  ( Remaining Fault Types to be added here later) 
 
' ======= Open File Results for output =========== 
 
PRINT_RESULTS: 
 
   Open "FAULT.RES" For Output As #1 
    
   Print #1, Tab(30); "FAULT ANALYSIS RESULTS" 
   Print #1, Tab(30); "------------------" 
   Print #1, 
 
'  ============== Write Busbar voltages and powers ===== 
   
   Print #1, Tab(10); "Fault Currents" 
   Print #1, 
   Print #1, Tab(10); "Busbar"; Tab(20); "Ia"; Tab(40); "Ib"; Tab(60); "Ic" 
   Print #1, Tab(20); "(p.u.)"; Tab(40); "(p.u.)"; Tab(60); "(p.u.)" 
   Print #1, 
   Print #1, Tab(12); FaultBus; Tab(18); Format(modulus(Ia), "0.0000"); "<"; 
Format(angle(Ia), "000.000"); _ 
   Tab(38); Format(modulus(Ib), "0.0000"); "  "; Format(angle(Ib), 
"000.000"); _ 
   Tab(58); Format(modulus(Ic), "0.0000"); "  "; 
Format(angle(Ic), "000.000") 
    
   Print #1, 
   Print #1, Tab(10); "Fault Voltages" 
   Print #1, 
    
   Print #1, Tab(10); "Busbar"; Tab(20); "Va"; Tab(40); "Vb"; Tab(60); "Vc" 
   Print #1, Tab(20); "(p.u.)"; Tab(40); "(p.u.)"; Tab(60); "(p.u.)" 
   Print #1, 
   For i = 1 To nbusbars 
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    Print #1, Tab(12); i; Tab(18); Format(modulus(Va(i)), "0.0000"); "<"; 
Format(angle(Va(i)), "000.000"); _ 
              Tab(38); Format(modulus(Vb(i)), "0.0000"); "<"; 
Format(angle(Vb(i)), "000.000"); _ 
              Tab(58); Format(modulus(Vc(i)), "0.0000"); "<"; 
Format(angle(Vc(i)), "000.000") 
   Next i 
    
Close #1 
frmResult.Show 
frmResult.Refresh 
    
   Screen.MousePointer = 1 
    
   End Sub 
 
Finally Insert a new form with the name frmResults and add to it two controls; 
 
A text box with name=Text1 and Font= "Courier New" . Set its Locked property to 
True, MultiLine to True and ScrollBars to 3 (Both) 
 
A command button with Caption  =  "&Close" 
 
Type the following code in the Form Activate Event:  
 
Private Sub Form_Activate() 
 
Dim txtFile$, str$ 
Open "FAULT.RES" For Input As #1 ' Open file for input. 
Do While Not EOF(1) ' Loop until end of file. 
  Line Input #1, str 
  txtFile = txtFile + Chr(13) + Chr(10) + str 
Loop 
Text1.Text = txtFile 
Close #1  ' Close file. 
 
End Sub 
 
And the following in the Command Button Click Event 
  
Private Sub CmdOK_Click() 
  frmResult.Hide 
End Sub 
 
Add line-to-line faults and Double-Line-to-Ground Faults as follows 
 
ElseIf faultType = 3 Then 
i = faultBus 
I1 = div(e, add(add(Zf, Z1(i, i)), Z2(i, i))) 
I2 = neg(I1) 
I0.real = 0 
I0.imag = 0 
 
Ia = add(add(I1, I2), I0) 
Ib = add(add(I0, mult(I1, mult(a, a))), mult(I2, a)) 
Ic = add(add(I0, mult(I1, a)), mult(I2, mult(a, a))) 
 
For j = 0 To nBusbars 
V1(j) = subt(e, mult(Z1(j, i), I1)) 
V2(j) = neg(mult(Z2(j, i), I2)) 
Next j 
 
ElseIf faultType = 4 Then 
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i = faultBus 
Zf.real = 3 * Zf.real 
Zf.imag = 3 * Zf.imag 
delta = mult(add(Z1(i, i), Z2(i, i)), add(Zf, Z0(i, i))) 
delta = add(delta, mult(Z1(i, i), Z2(i, i))) 
I0 = neg(div(mult(Z2(i, i), e), delta)) 
I1 = div(mult(add(add(Z2(i, i), Zf), Z0(i, i)), e), delta) 
I2 = neg(div(add(Z0(i, i), Zf), delta)) 
Ia = add(add(I1, I2), I0) 
Ib = add(add(I0, mult(I1, mult(a, a))), mult(I2, a)) 
Ic = add(add(I0, mult(I1, a)), mult(I2, mult(a, a))) 
 
For j = 0 To nBusbars 
V0(j) = neg(mult(Z0(j, i), I0)) 
V1(j) = subt(e, mult(Z1(j, i), I1)) 
V2(j) = neg(mult(Z2(j, i), I2)) 
Next j 
End If 
 
Add the following line in the final printout to display element currents 
 
'===== Write Line and transformer fault curren=========== 
 
Print #1, Tab(10); "Bus      Bus"; Tab(25); "Ia"; Tab(45); "Ib"; Tab(65); 
"Ic" 
 
For i = 1 To nelem 
I0 = div(subt(V0(e_start0(i)), V0(e_end0(i))), Zl0(i)) 
I1 = div(subt(V1(e_start(i)), V1(e_end(i))), Zl1(i)) 
I2 = div(subt(V2(e_start2(i)), V2(e_end2(i))), Zl2(i)) 
Ia = add(add(I1, I2), I0) 
Ib = add(add(I0, mult(I1, mult(a, a))), mult(I2, a)) 
Ic = add(add(I0, mult(I1, a)), mult(I2, mult(a, a))) 
 
Print #1, Tab(10); e_start(i); Tab(19); e_end(i); Tab(23); 
Format(modulus(Ia), "0.0000"); "<"; Format(angle(Ia), "000.000"); Tab(43); 
Format(modulus(Ib), "0.0000"); "<"; Format(angle(Ib), "000.000"); Tab(63); 
Format(modulus(Ic), "0.0000"); "<"; Format(angle(Ic), "000.000") 
Next i 
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